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Abstract	
	 In	many	tropical	animals,	male	and	female	breeding	partners	combine	their	
vocalizations	to	produce	elaborate	vocal	duets.	Although	duets	are	produced	by	diverse	animal	
taxa,	the	functions	of	these	coordinated	vocalizations	remain	poorly	understood.	In	this	thesis,	I	
explored	the	ecology	and	evolution	of	vocal	duetting	behaviour	by	testing	two	poorly-studied	
hypotheses	for	duet	function	in	a	Neotropical	duetting	songbird,	the	Rufous-and-white	Wren	
(Thryophilus	rufalbus).	The	Paternity	Guarding	Hypothesis	states	that	male	animals	create	duets	
with	their	females	to	guard	against	other	males	seeking	mating	opportunities.	I	used	a	playback	
experiment	to	test	this	hypothesis	by	first	simulating	an	intrusion	from	a	rival	male,	and	then	
simulating	a	subject	males	breeding	partner	to	give	him	opportunities	to	create	duets	with	his	
female	during	both	the	fertile	and	non-fertile	periods.	Consistent	with	predictions	of	the	
Paternity	Guarding	Hypothesis,	males	created	more	duets	with	their	partners	during	the	fertile	
period	compared	to	the	non-fertile	period,	suggesting	that	they	used	duets	to	acoustically	
protect	their	parentage.	The	Signalling	Commitment	Hypothesis	states	that	singing	duets	with	a	
partner	signals	willingness	or	ability	to	invest	effort	into	a	monogamous	partnership.	I	tested	
this	hypothesis	by	investigating	the	relationship	between	duetting	behaviour	and	future	
parental	investment.	I	found	no	evidence	of	a	positive	relationship	between	male	or	female	
duetting	behaviour	and	future	investment	in	nest-building	or	nestling-provisioning,	and	
therefore	my	data	provide	no	support	for	the	Signalling	Commitment	Hypothesis.	My	research	
provides	new	insight	into	the	evolution	and	functions	of	vocal	duets	in	tropical	animals,	
revealing	that	duets	play	an	important	role	in	paternity	guarding,	but	do	not	signal	future	
parental	commitment	in	Rufous-and-white	Wrens.		 	
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Chapter	1:	General	Introduction
		 2	
Introduction		
	 Animals	use	acoustic	signals	to	serve	many	different	communication	functions,	including	
territory	acquisition	and	defense,	predator	detection	and	avoidance,	mate	attraction	and	mate	
guarding,	and	communication	between	breeding	partners	(Bradbury	and	Vehrencamp	2011).	
Acoustic	signals	have	several	properties	that	make	them	ideal	for	communication,	such	as	their	
long	range,	ability	to	transmit	around	physical	obstructions,	and	the	ability	of	animals	to	
modulate	the	amplitude	of	these	signals	for	different	receivers	(Bradbury	and	Vehrencamp	
2011).	Acoustic	communication	is	especially	prevalent	in	birds,	which	are	well-known	for	the	
variety	and	complexity	of	their	vocalizations.	The	most	well-studied	acoustic	signals	in	birds	are	
their	songs,	which	have	been	traditionally	defined	as	long	and	complex	vocalizations	produced	
by	males	during	the	breeding	season	(Catchpole	and	Slater	2008).	The	functions	of	bird	songs	
have	been	studied	primarily	in	the	Temperate	Zone,	where	males	sing	to	defend	territories	and	
attract	females	during	the	breeding	season	(Krebs	1977;	Eriksson	and	Wallin	1986;	Catchpole	
and	Slater	2008).	However,	in	tropical	regions,	where	species	diversity	and	richness	is	much	
higher,	song	is	often	produced	by	both	sexes	(Stutchbury	and	Morton	2001).	Despite	this,	the	
functions	of	female	song	have	received	less	empirical	attention	(Langmore	1998;	Slater	and	
Mann	2004).	Interestingly,	female	song	is	much	more	widespread	than	previously	recognized	(it	
occurs	in	71%	of	all	songbird	species	and	in	a	diverse	group	of	avian	families)	and	female	song	is	
an	ancestral	trait	in	songbirds	(Odom	et	al.	2014).	
	 In	many	animals,	particularly	in	the	tropics,	male	and	female	breeding	partners	combine	
their	vocalizations	to	produce	coordinated	vocal	duets.	Vocal	duets,	which	occur	when	an	
individual	answers	its	partner’s	vocalization	by	overlapping	it	or	vocalizing	shortly	afterwards,	
	 3	
are	considered	to	be	one	of	the	most	complex	acoustic	signals	in	the	animal	kingdom	(Mann	et	
al.	2003;	Hall	2004).	Duetting	behaviour	occurs	in	a	wide	range	of	animal	taxa,	including	
primates	(Kinzey	and	Robinson	1983;	Geissman	2002;	Caselli	et	al.	2015),	anurans	(Tobias	et	al.	
1998;	Emerson	and	Boyd	1999),	cetaceans	(Lilly	and	Miller	1961),	insects	(Bailey	2003),	bats	
(Carter	et	al.	2008),	and	many	species	of	birds	(Farabaugh	1982;	Hall	2004;	Tobias	et	al.	2016).	
Duetting	has	received	considerable	attention	in	birds;	recent	studies	have	shown	duetting	
occurs	in	49%	of	avian	families,	and	in	as	many	as	16%	of	all	species	(Tobias	et	al.	2016).	The	
functions	of	avian	duets,	however,	remain	poorly	understood,	largely	because	of	a	historical	
research	focus	in	temperate	areas	where	duetting	is	less	common	(Langmore	1998;	Slater	and	
Mann	2004).	In	this	Master’s	thesis,	I	explore	the	ecology	and	evolution	of	vocal	duetting	
behaviour	in	tropical	animals	by	investigating	two	rarely-studied	hypotheses	for	duet	function	
in	novel	ways.	In	this	General	Introduction,	I	provide	a	broad	overview	of	the	topics	that	are	
relevant	to	this	thesis,	to	set	the	stage	for	the	two	data	chapters	that	follow.	
The	function	of	vocal	duets	
	 The	most	widely-supported	function	of	avian	vocal	duets	is	joint	territory	defense,	
whereby	pairs	of	birds	produce	duets	as	cooperative	signals	to	defend	ecological	resources	
from	rival	pairs	(reviewed	in	Dahlin	and	Benedict	2014).	Many	duetting	species	form	long-term	
pair	bonds,	hold	territories	year-round,	experience	prolonged	breeding	seasons,	and	exhibit	
convergent	sex	roles	with	respect	to	breeding	and	territory	defense,	suggesting	that	there	is	
increased	selection	in	these	species	to	defend	ecological	resources	over	longer	time	frames	
(Benedict	2008;	Logue	and	Hall	2014;	Tobias	et	al.	2016).	The	role	of	duets	in	territory	defense	
has	been	demonstrated	experimentally	in	many	species	(Douglas	and	Mennill	2010;	Dahlin	and	
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Benedict	2014).	For	example,	mated	pairs	of	Yellow-naped	Amazon	Parrots	(Amazona	
auropalliata)	produce	duets	at	equal	rates	in	response	to	male,	female,	and	paired	intruders,	
suggesting	that	duets	are	aggressive	signals	used	to	defend	territories	from	multiple	types	of	
intruders	(Dahlin	and	Wright	2012).	Similarly,	Barred	Antshrikes	(Thamnophilus	doliatus)	sing	
duets	at	similar	rates	in	response	to	male,	female,	and	paired	intruders,	and	sing	more	duets	in	
response	to	dual-speaker	duet	playback	compared	to	duets	from	a	single	speaker,	indicating	
that	duets	are	threatening	signals	used	to	defend	ecological	resources	from	conspecific	animals	
(Koloff	and	Mennill	2011,	2013).	
In	addition	to	the	role	they	play	in	cooperative	territory	defense,	duets	have	also	been	
proposed	to	function	in	other	cooperative	contexts,	such	as	coordinating	of	reproductive	
activities	(e.g.	Topp	and	Mennill	2008;	Benedict	2010),	maintaining	contact	in	dense	habitats	
(e.g.	Logue	2007;	Mennill	and	Vehrencamp	2008),	and	signalling	pair	bond	strength	(e.g.	Hall	
and	Magrath	2007;	Rivera-Cáceras	et	al.	2016).	Although	duets	clearly	serve	some	cooperative	
functions	that	benefit	both	breeding	partners,	duets	are	also	associated	with	intersexual	
conflict	between	breeding	partners.	In	particular,	an	animal	may	create	duets	with	their	partner	
to	prevent	their	partner	from	mating	or	pairing	with	same-sex	rivals	(Sonnenschein	and	Reyer	
1983;	Levin	1996a,b;	Seddon	and	Tobias	2006).	For	example,	female	Eastern	Whipbirds	
(Psophodes	olivaceus)	answer	a	higher	proportion	of	male	songs	to	create	duets	in	response	to	
same-sex	playback	compared	to	opposite-sex	and	paired	playback,	suggesting	that	duets	are	
used	to	guard	males	from	rival	females	(Rogers	et	al.	2007).	Understanding	the	relative	
importance	of	cooperation	and	conflict	in	driving	duetting	behaviour	is	an	important	theme	in	
this	field	of	research.	
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Extra-pair	paternity	and	paternity	guarding	
	 Although	most	birds	are	socially	monogamous,	most	species	exhibit	a	mixed	
reproductive	strategy,	where	animals	copulate	with	individuals	other	than	their	social	mate	
(reviewed	in	Griffith	2002).	Given	the	high	fitness	cost	of	these	extra-pair	copulations,	many	
species	have	evolved	behaviours	to	prevent	their	partners	from	engaging	in	a	mixed	
reproductive	strategy,	including	frequent	copulations	during	the	fertile	period	(reviewed	in	
Møller	and	Birkhead	1991),	courtship	displays	as	a	bribing	mechanism	(Green	and	Krebs	1995;	
Velando	2004),	physical	mate	guarding	(reviewed	in	Birkhead	and	Møller	1992),	and	increased	
song	rates	during	the	fertile	period	(i.e.	acoustic	mate	guarding;	Sexton	et	al.	2007;		Bruni	and	
Foote	2014).		
	 Although	extra-pair	paternity	and	paternity-guarding	strategies	have	been	well-studied	
in	many	temperate	bird	species,	far	less	is	known	about	the	genetic	mating	systems	and	
associated	paternity	guarding	behaviours	of	tropical	species,	particularly	in	duetting	species	
(Macedo	et	al.	2008;	Douglas	et	al.	2012).	Interestingly,	mixed	reproductive	strategies	appear	
to	vary	between	non-duetting	versus	duetting	species;	current	evidence	suggests	that	rates	of	
extra-pair	paternity	across	duetting	species	are	low	(reviewed	in	Douglas	et	al.	2012),	although	
the	dataset	available	for	comparative	study	is	small.	One	possible	explanation	for	this	pattern	is	
that	duets	may	be	used	by	males	as	acoustic	paternity	guards,	an	idea	that	has	come	to	be	
known	as	the	Paternity	Guarding	Hypothesis	(Hall	2004).	According	to	the	Paternity	Guarding	
Hypothesis,	male	birds	answer	their	partner’s	songs	to	create	duets	in	order	to	advertise	their	
partner’s	mated	status	and	thereby	minimize	extra-pair	copulations	between	their	partner	and	
same-sex	rivals	(Sonnenschein	and	Reyer	1983;	Hall	2004).	Two	main	predictions	arise	from	this	
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hypothesis:	(1)	male	birds	should	participate	in	more	duets	with	their	female	when	she	is	
fertile,	because	this	is	when	they	are	most	at	risk	of	losing	paternity	to	rivals	male;	and	(2)	male	
birds	that	create	more	duets	with	their	females	should	be	less	likely	to	lose	parentage	to	extra-
pair	sires.		
	 Current	evidence	for	the	Paternity	Guarding	Hypothesis	for	vocal	duets	is	equivocal.	In	
Buff-breasted	Wrens	(Cantorchilus	leucotis),	Magpie-larks	(Grallina	cyanoleuca),	Purple-
crowned	Fairy-wrens	(Malurus	coronatus),	and	Red-backed	Fairy-wrens	(Malurus	
melanocephalus),	males	do	not	perform	more	duets	in	the	fertile	period	compared	to	other	
breeding	periods,	although	the	reverse	is	true	in	male	Rufous-and-white	Wrens	(Thryophilus	
rufalbus;	Hall	2000;	Gill	et	al.	2005;	Topp	and	Mennill	2008;	Hall	and	Peters	2009;	Dowling	and	
Webster	2013).	Several	other	studies	have	used	a	more	direct	approach	to	test	this	hypothesis,	
by	investigating	how	duetting	behaviour	relates	to	rates	of	extra-pair	offspring	in	nests.	In	
Crimson-breasted	Shrikes	(Laniarius	atrococcineus),	males	that	sing	more	duets	with	their	
females	do	not	suffer	reduced	rates	of	extra-pair	paternity	in	their	nests,	but	Red-backed	Fairy-
wren	males	that	create	more	duets	with	their	females	during	a	simulated	intrusion	suffer	fewer	
extra-pair	offspring	in	their	nests	(Van	den	Heuvel	et	al.	2014;	Baldassare	et	al.	2016).	Despite	
this,	few	studies	to	date	have	experimentally	tested	the	Paternity	Guarding	Hypothesis	by	
simulating	an	aggressive	context	and	assessing	how	male	duetting	behaviour	changes	with	
changes	in	female	fertility	status.	
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Signalling	partnership	commitment		
	 Many	animals	can	evaluate	the	quality	of	potential	breeding	partners	by	assessing	
behavioural	and	ornamental	traits,	including	colouration	(e.g.	Hill	1991;	Smith	et	al.	2014),	
acoustic	signals	(e.g.	Buchanan	and	Catchpole	2000;	Forsman	and	Hagman	2006),	physical	
ornaments	(e.g.	Voltura	et	al.	2002;	Tibbetts	et	al.	2015),	and	courtship	displays	(e.g.	Knapp	and	
Kovach	1991;	Green	and	Krebbs	1995).	Animal	may	use	these	traits	to	assess	the	benefits	that	
they	will	receive	by	breeding	with	the	individual	possessing	the	trait,	including	both	indirect	
benefits	(e.g.	higher	quality	genes;	Hamilton	and	Zuk	1982)	and	direct	benefits	(e.g.	access	to	
better	ecological	resources	or	parental	care;	Andersson	1994).	However,	these	traits	have	been	
primarily	studied	in	the	context	of	sexual	selection	in	temperate	species,	whereby	female	
animals	assess	male	traits	prior	to	mate	selection.	In	contrast,	in	many	tropical	animals,	
breeding	partners	form	long-term	pair	bonds,	experience	prolonged	breeding	seasons,	and	
defend	territories	year	round,	suggesting	that	breeding	partners	may	need	to	assess	phenotypic	
traits	of	their	mates	outside	of	the	context	of	mate	selection	(reviewed	in	Wachtmeister	2001).	
Surprisingly	few	studies	have	investigated	the	importance	of	ornamental	traits	after	pairing	(i.e.	
post-pairing	displays),	despite	their	prevalence	in	a	variety	of	taxa	and	potential	importance	in	
mate	assessment	and	strengthening	long-term	pair	bonds	(Wachtmeister	2001).	
	 Many	socially	monogamous	bird	species	produce	vocal	duets	as	post-pairing	displays	
that	continue	to	occur	after	pair	formation	and	for	large	portions	of	the	year	(e.g.	Topp	and	
Mennill	2008;	Benedict	2010).	One	rarely-studied	hypothesis	for	the	function	of	duets	is	that	
duets	signal	commitment	to	a	partnership,	where	commitment	represents	willingness	or	ability	
to	invest	effort	into	future	reproduction,	territory	defense,	predator	vigilance,	or	other	
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components	of	the	partnership	(Hall	2004).	According	to	the	Signalling	Commitment	
Hypothesis,	components	of	duetting	behaviour,	such	as	answering	a	partner’s	song	to	create	a	
duet,	should	provide	an	honest	indication	about	the	quality	of	the	partner	and	the	willingness	
or	ability	to	invest	effort	in	future	reproduction	(Wickler	1980;	Hall	2004).	Many	studies	have	
shown	a	positive	association	between	acoustic	traits	in	birds,	such	as	song	rate	(e.g.	Greig-
Smith	1982)	and	song	complexity	(e.g.	Buchanan	and	Catchpole	2000),	and	future	parental	
investment	(e.g.	increased	nestling	provisioning	rates).	However,	few	studies	have	tested	the	
Signalling	Commitment	Hypothesis	in	duetting	species	by	investigating	how	duetting	behaviour	
relates	to	future	parental	investment,	and	therefore	whether	duets	function	as	post-pairing	
displays	for	mate	assessment	or	signalling	parental	commitment.	
Study	species	and	location	
	 In	this	thesis,	I	explore	vocal	duetting	behaviour	by	investigating	two	hypotheses	for	
duet	function:	the	Paternity	Guarding	Hypothesis	and	the	Signalling	Commitment	Hypothesis.	I	
conducted	my	research	in	a	long-term	study	population	of	Rufous-and-white	Wrens	
(Thryophilus	rufalbus),	a	Neotropical	songbird	with	a	distribution	from	southern	Mexico,	
throughout	much	of	western	Central	America,	and	into	parts	of	northern	Colombia	and	
northwestern	Venezuela	(Stiles	and	Skutch	1989;	Mann	et	al.	2009).	Rufous-and-white	Wrens	
are	medium-sized	passerines	which	are	sexually	monochromatic	but	exhibit	slight	sexual	
dimorphism,	with	males	being	slightly	larger	than	females	(males:	25.8	±	0.4g;	females:	23.7	±	
0.5;	Mennill	and	Vehrencamp	2005).	Adults	exhibit	a	prominent	rufous	colour	on	the	head,	
mantle,	wings,	and	tail,	with	white	on	the	throat	and	underparts.	Rufous-and-white	Wrens	are	
relatively	long-lived	songbirds	that	defend	territories	year-round	and	form	long-term	breeding	
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partnerships.	My	study	population	is	located	in	Sector	Santa	Rosa	of	the	Area	de	Conservación	
Guanacaste	(10°51’N,	85°36’W),	a	tropical	dry	forest	in	which	resident	wrens	inhabit	mature	
humid	and	late-successional	regrowth	forests.	Dan	Mennill	and	his	students	at	the	University	of	
Windsor	have	been	studying	the	vocal	behaviour	and	ecology	of	this	population	since	2003	as	
part	of	a	long-term	monitoring	project;	birds	are	colour-banded	and	recorded	each	year.		
	 Male	and	female	Rufous-and-white	Wrens	both	sing	using	a	repertoire	of	songs	(males	
have	an	average	repertoire	size	of	11	songs;	females	9	songs;	Mennill	and	Vehrencamp	2005).	
Their	songs	are	flute-like	and	tonal,	with	introductory,	middle,	and	terminal	syllables,	sung	at	
relatively	low	frequencies	to	transmit	effectively	through	dense	vegetation	(Mennill	and	
Vehrencamp	2005).	Breeding	partners	use	their	songs	as	solos,	or	combine	them	as	vocal	duets.	
Duets	involve	one	bird	singing	a	song,	and	their	partner	–	the	second	bird	to	sing	–	producing	a	
song	≤	1.0	seconds	afterwards	to	create	the	duet.	Both	males	and	females	can	create	duets	in	
response	to	their	partner’s	songs,	but	the	majority	of	duets	overall	are	created	by	females	
(females	create	73%	of	all	duets;	Topp	and	Mennill	2008).	There	is	considerable	variation	in	
how	the	sexes	use	their	songs	throughout	the	year.	During	the	dry	pre-breeding	season,	
females	sing	at	higher	rates	and	answer	a	higher	proportion	of	male	songs	to	create	duets,	
while	males	exhibit	the	opposite	pattern	(Topp	and	Mennill	2008).	During	the	rainy	breeding	
season,	males	sing	songs	at	higher	rates	and	answer	a	higher	proportion	of	female	songs	to	
create	duets,	while	females	reduce	their	solo	song	and	duetting	rates	(Topp	and	Mennill	2008).		
	 Rufous-and-white	Wrens	begin	to	breed	each	year	at	the	beginning	of	the	rainy	season,	
which	typically	occurs	at	the	beginning	of	May	and	continues	until	August	(Topp	and	Mennill	
2008).	Nest-building	begins	at	the	end	of	the	dry	season,	immediately	after	the	first	large	
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rainfall	of	the	year.	Both	males	and	females	contribute	to	building	breeding	nests,	which	are	
large	globular	structures	comprised	of	grass	and	black	fungal	rhizomes	with	a	downward-facing	
entrance	tube	(Stiles	and	Skutch	1989).	Pairs	primarily	build	nests	in	bullhorn	acacia	trees	
(Vachellia	collinsii)	2-10	m	off	the	ground.	Males	also	build	secondary	nests	that	are	used	for	
subsequent	breeding	attempts.	Females	begin	to	lay	eggs	once	nests	are	completed	and	the	
rainy	season	has	begun,	laying	one	egg	each	day	until	the	clutch	is	complete	(3-5	eggs	is	
typical).	Females	incubate	the	eggs	and	brood	the	young	(Topp	and	Mennill	2008).	The	
incubation	period	lasts	for	16-18	days	(D.	Mennill	pers.	obs.).	Both	males	and	females	help	to	
provision	nestlings,	but	females	contribute	significantly	more	provisioning	effort	than	males	
(males:	32%	of	trips;	females:	68%	of	trips).	Nest	predation	rates	are	high	at	our	study	site	
(approximately	80%	of	nests),	and	pairs	will	build	new	nests	and	attempt	to	breed	several	more	
times	after	their	nests	fail.	Rufous-and-white	Wrens	follow	a	mixed	reproductive	strategy,	with	
low	rates	of	extra-pair	paternity	across	the	population	(3%	of	offspring	in	6%	of	broods),	and	all	
extra-pair	sires	coming	from	neighbouring	males	(Douglas	et	al.	2012).	 	
	 Rufous-and-white	Wrens	duets	are	multi-purpose	signals	that	have	several	different	
functions.	Similar	to	other	duetting	species,	the	most	well-supported	function	of	duets	is	joint	
territory	defense	(Mennill	2006;	Mennill	and	Vehrencamp	2008).	For	instance,	Rufous-and-
white	Wrens	respond	to	simulated	duetting	intruders	by	increasing	their	duetting	rates	(Mennill	
2006).	Similarly,	birds	sing	duets	at	similar	rates	in	response	to	same-sex,	opposite-sex,	and	
paired	intruders,	indicating	that	pairs	sing	duets	to	mutually	defend	territories	from	all	types	of	
intruders	(Mennill	and	Vehrencamp	2008).	Rufous-and-white	Wrens	also	use	duets	to	maintain	
contact	with	each	other	in	dense	habitats,	given	that	birds	often	move	towards	each	other	after	
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singing	duets	(Mennill	and	Vehrencamp	2008).	Finally,	duets	appear	to	serve	important	
functions	related	to	communication	during	breeding	activities,	given	that	birds	sing	duets	with	
each	at	higher	rates	around	their	nest	compared	to	others	areas	in	their	territory	during	the	
breeding	season	(Mennill	and	Vehrencamp	2008;	Kovach	2013).	Despite	what	is	known	about	
duet	function	in	this	species,	it	is	less	clear	if	duets	serve	any	additional	functions,	particularly	in	
conflict-based	contexts.	For	example,	despite	the	fact	that	males	answer	the	highest	proportion	
of	female	songs	to	create	duets	during	the	female	fertile	period,	suggesting	that	these	signals	
could	serve	a	paternity	guarding	function,	no	study	has	directly	tested	the	Paternity	Guarding	
Hypothesis	in	this	species	(Topp	and	Mennill	2008).	Similarly,	no	study	in	this	species	has	
investigated	whether	duets	signal	partnership	commitment	by	indicating	willingness	or	ability	
to	invest	effort	into	partnership	aspects,	such	as	parental	investment.	
Thesis	goals	
	 In	this	thesis,	my	goal	is	to	explore	the	ecology	and	functions	of	vocal	duetting	
behaviour	by	investigating	two	poorly-studied	hypotheses	for	duet	function	in	Rufous-and-
white	Wrens.	In	the	first	data	chapter	–	Chapter	2	–	my	goal	is	to	test	the	Paternity	Guarding	
Hypothesis	by	experimentally	investigating	how	male	duetting	behaviour	is	affected	by	female	
fertility	status,	and	therefore	whether	or	not	duets	function	as	acoustic	paternity	guards	in	this	
species.	In	the	second	data	chapter	–	Chapter	3	–	my	goal	is	to	test	the	Signalling	Commitment	
Hypothesis	by	investigating	the	relationship	between	duetting	behaviour	and	future	parental	
investment,	and	whether	duets	can	signal	willingness	to	invest	effort	into	a	monogamous	
partnership.	Together,	these	two	chapters	will	expand	our	understanding	of	vocal	duetting	
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behaviour	across	animals	by	testing	two	relatively	poorly-studied	hypotheses	for	duet	function	
in	novel	ways.		
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Chapter	summary	
	 In	diverse	animal	taxa,	particularly	in	tropical	environments,	breeding	partners	
coordinate	their	vocalizations	to	produce	vocal	duets.	The	study	of	the	function	of	these	
synchronized	vocalizations	is	an	active	area	of	investigation,	with	empirical	evidence	supporting	
multiple	hypotheses	for	duet	function.	One	poorly-studied	hypothesis	is	the	Paternity	Guarding	
Hypothesis,	which	states	that	male	animals	create	duets	with	their	partners	to	advertise	their	
mated	status	and	thereby	minimize	mating	attempts	by	rival	males.	Evidence	for	this	
hypothesis	is	equivocal,	although	few	studies	have	tested	it	with	an	experimental	approach.	
Here	we	experimentally	test	the	Paternity	Guarding	Hypothesis	in	a	colour-banded	population	
of	Rufous-and-white	Wrens	(Thryophilus	rufalbus),	a	neotropical	duetting	songbird.	We	
designed	a	two-part	playback	experiment,	where	males	first	experienced	a	simulated	intrusion	
by	a	rival	male,	and	were	then	given	opportunities	to	answer	their	female	partner’s	songs	to	
create	duets.	We	repeated	this	experiment	during	the	female’s	fertile	and	non-fertile	breeding	
stages.	In	support	of	predictions	of	the	Paternity	Guarding	Hypothesis,	male	wrens	created	
more	duets	with	their	partner	during	the	fertile	period	compared	to	the	non-fertile	period.	
Additionally,	male	wrens	appeared	to	physically	guard	their	mates	with	greater	intensity	during	
the	fertile	period.	Male	song	rates	showed	no	significant	variation	between	fertile	and	non-
fertile	periods,	demonstrating	that	increased	duetting	in	the	fertile	period	was	a	result	of	a	
change	in	song	use,	rather	than	a	change	in	song	rate.	Our	study	is	among	the	first	to	
experimentally	test	the	Paternity	Guarding	Hypothesis	for	duet	function,	and	suggests	that	
male	Rufous-and-white	Wrens	use	both	vocal	and	physical	behaviours	to	guard	their	paternity.	 	
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Introduction	
	 Tropical	and	temperate	animals	exhibit	many	differences	in	behavioural	traits,	including	
dramatic	differences	in	their	acoustic	signalling	behaviours	(Morton	1996;	Langmore	1998;	
Stutchbury	and	Morton	2001;	Slater	and	Mann	2004).	In	temperate	animals,	elaborate	
vocalizations	are	primarily	given	by	males,	whereas	in	tropical	animals,	females	are	much	more	
vocal,	and	there	are	diverse	species	where	breeding	partners	combine	their	vocalizations	into	
vocal	duets	(Langmore	1998;	Hall	2004;	Logue	and	Hall	2014;	Tobias	et	al.	2016).	Vocal	duets	
are	highly	coordinated	acoustic	signals	produced	by	mated	pairs	where	one	individual	vocalizes	
and	the	partner	creates	a	duet	by	vocalizing	in	response,	either	by	overlapping	the	partner’s	
song	or	producing	a	song	in	quick	succession	(Hall	2004).	This	behaviour	occurs	in	diverse	
animal	taxa,	including	primates	(Geissman	2002;	Caselli	et	al.	2015),	insects	(Bailey	2003),	
anurans	(Tobias	et	al.	1998;	Emerson	and	Boyd	1999),	bats	(Carter	et	al.	2008),	cetaceans	(Lilly	
and	Miller	1961),	and	many	species	of	birds	(Hall	2004;	Tobias	et	al.	2016).	 	
	 Vocal	duets	are	widely	viewed	to	be	multi-purpose	signals	that	function	in	both	
cooperative	and	conflict-based	contexts	(Sonnenschein	and	Reyer	1983;	Hall	2004;	Marshall-
Ball	et	al.	2006;	Rogers	et	al.	2007;	Mennill	and	Vehrencamp	2008;	Benedict	2010;	Dahlin	and	
Benedict	2014).	The	most	well-supported	function	for	vocal	duets	is	that	they	are	used	to	
cooperatively	defend	ecological	resources	(reviewed	in	Douglas	and	Mennill	2010	and	Dahlin	
and	Benedict	2014).	However,	a	contrasting	theory	is	that	duets	can	arise	from	intersexual	
conflict	between	breeding	partners;	an	animal	may	perform	a	duet	with	their	partner	to	
prevent	their	partner	from	pairing	or	mating	with	other	animals	(Sonnenschein	and	Reyer	1983;	
Levin	1996;	Seddon	and	Tobias	2006;	Rogers	et	al.	2007).	A	leading	hypothesis	under	this	view	
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is	the	Paternity	Guarding	Hypothesis,	which	states	that	males	answer	female	vocalizations	to	
create	duets	in	order	to	advertise	their	partner’s	mated	status	and	prevent	their	partner	from	
mating	with	rival	males	(Sonnenschein	and	Reyer	1983;	Hall	2004).	Two	important	predictions	
arise	from	this	hypothesis:	(1)	males	should	answer	a	higher	proportion	of	female	vocalizations	
to	create	duets	during	the	fertile	period	in	comparison	to	other	breeding	stages;	and	(2)	duets	
should	effectively	reduce	rates	of	extra-pair	paternity	(Hall	2004).	Males	in	many	well-studied	
temperate	species	have	been	shown	to	employ	diverse	paternity	guarding	strategies	to	reduce	
extra-pair	paternity,	including	increased	singing	rates	during	the	fertile	period	(e.g.	Møller	
1988;	Sexton	et	al.	2007;	Bruni	and	Foote	2014),	frequent	copulations	(reviewed	in	Møller	and	
Birkhead	1991),	and	physical	mate	guarding	during	the	fertile	period	(reviewed	in	Birkhead	and	
Møller	1992;	Foote	et	al.	2008).	However,	few	studies	have	investigated	paternity	guarding	
strategies	in	duetting	species,	particularly	with	respect	to	how	duets	may	function	as	acoustic	
paternity	guards.		
	 	Current	evidence	for	the	Paternity	Guarding	Hypothesis	in	duetting	species	has	been	
equivocal.	Most	studies	have	involved	observational	analysis	of	variation	in	duetting	rates	
across	different	breeding	stages.	For	example,	in	Magpie-Larks	(Grallina	cyanoleuca),	Buff-
breasted	Wrens	(Cantorchilus	leucotis),	Purple-crowned	Fairy-wrens	(Malarus	coronatus),	and	
Red-backed	Fairy-wrens	(Malarus	melanocephalus),	males	do	not	create	more	duets	with	their	
females	during	the	fertile	period	compared	to	non-fertile	periods	(Hall	and	Magrath	2000;	Gill	
et	al.	2005;	Hall	and	Peters	2009;	Dowling	and	Webster	2013),	suggesting	that	duets	do	not	
function	as	acoustic	paternity	guards	in	these	species.	The	Paternity	Guarding	Hypothesis	has	
only	been	tested	experimentally	in	two	duetting	species.	In	response	to	playback	simulating	the	
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songs	of	a	rival	male	during	the	female	fertile	period,	male	Canebrake	Wrens	(Cantorchilus	
zeledoni)	produced	more	duet-initiation	songs,	suggesting	that	males	are	motivated	to	perform	
duets	with	females	when	they	are	fertile	(Marshall-ball	et	al.	2006).	In	contrast,	in	response	to	
playback	simulating	solo	and	paired	intruders,	male	Red-backed	Fairy-wrens	(Malurus	
melanocephalus)	did	not	sing	more	duets	with	their	females	in	the	fertile	period	compared	to	
pre-fertile	and-post	fertile	breeding	stages	(Dowling	and	Webster	2016),	although,	in	another	
playback	experiment,	male	Fairy-wrens	that	sang	more	duets	with	their	females	had	lower	
reproductive	losses	to	extra-pair	paternity	in	their	nests	(Baldassere	et	al.	2016).	In	light	of	
these	conflicting	results,	more	playback	experiments	are	needed	to	empirically	test	the	
Paternity	Guarding	Hypothesis	in	duetting	species.	
	 In	this	study,	we	test	the	Paternity	Guarding	Hypothesis	by	conducting	a	playback	
experiment	in	a	Neotropical	duetting	songbird:	the	Rufous-and-white	Wren	(Thryophilus	
rufalbus).	Rufous-and-white	Wrens	provide	an	ideal	species	for	testing	the	Paternity	Guarding	
Hypothesis	for	two	reasons.	First,	in	the	absence	of	playback,	males	answer	the	highest	
proportion	of	female	songs	to	form	duets	during	their	fertile	period	compared	to	other	
breeding	stages	(Topp	and	Mennill	2008),	suggesting	that	duets	may	serve	a	paternity	guarding	
function.	Second,	Rufous-and-white	Wrens	in	our	study	population	exhibit	low	levels	of	extra-
pair	paternity	(3%	of	offspring	in	6%	of	broods,	Douglas	et	al.	2012),	indicating	that	duets	may	
be	effective	paternity	guards.	We	used	playback	to	simulate	a	rival	male	near	the	edge	of	a	
subject’s	territory,	creating	the	impression	that	a	male	competitor	had	entered	the	subject	
male’s	territory.	We	then	used	playback	to	simulate	the	subject’s	breeding	partner	near	the	
centre	of	the	subject’s	territory,	thereby	giving	males	an	opportunity	to	create	duets	with	their	
	 23	
partner’s	songs.	We	then	assessed	how	subject	male	vocal	and	physical	behaviour	changed	
across	fertile	and	non-fertile	breeding	stages.	We	made	a	priori	predictions	about	the	males’	
responses	to	playback	based	on	the	Paternity	Guarding	Hypothesis.	After	experiencing	a	
simulated	intrusion	of	a	rival	male,	we	predicted	that	males	would	answer	a	higher	proportion	
of	their	female’s	songs	to	form	duets	(i.e.	create	more	duets)	in	the	fertile	period	compared	to	
the	non-fertile	period.	We	also	predicted	that	males	would	attempt	to	guard	their	paternity	in	
two	additional	ways.	We	predicted	that	males	would	increase	their	independent	song	rate	(i.e.	
songs	that	were	not	part	of	a	duet),	as	has	been	observed	in	other	studies	of	temperate	
songbirds	(e.g.	Møller	1988;	Sexton	et	al.	2007).	We	also	predicted	that	males	would	exhibit	a	
more	intense	physical	response	towards	the	loudspeaker	simulating	their	breeding	partner	(i.e.	
they	would	physically	guard	the	loudspeaker	simulating	their	breeding	partner	by	approaching	
more	closely,	more	quickly,	and	remaining	near	to	the	loudspeaker	for	longer)	during	the	fertile	
period	compared	to	the	non-fertile	period.		
Methods	
Study	species	and	general	field	methods	
We	conducted	our	experiment	in	2016	and	2017	in	a	colour-banded	population	of	
Rufous-and-white	Wrens	in	Sector	Santa	Rosa	of	the	Guanacaste	Conservation	Area	in	
northwestern	Costa	Rica	(10°51’N,	85°36’W).	Rufous-and-white	Wrens	are	Neotropical	duetting	
songbirds	found	throughout	many	parts	of	Central	and	northwestern	South	America.	Members	
of	our	laboratory	group	have	studied	this	population	since	2003,	banding	birds,	mapping	
territories,	finding	nests,	and	recording	songs	on	an	annual	basis.	We	banded	all	of	the	male	
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playback	subjects	in	this	experiment	with	unique	combinations	of	coloured	leg	bands	to	
facilitate	individual	identification,	and	we	also	banded	11	out	of	21	of	females	(52%).	We	were	
confident	in	our	ability	to	differentiate	between	the	unbanded	females	based	on	their	territory	
position	and	unique	vocal	repertoires	(see	Mennill	and	Vehrencamp	2005).		
Playback	experiment	
We	conducted	playback	experiments	to	21	male	Rufous-and-white	Wrens	between	early	
May	and	mid-June	across	the	two	years	of	our	study	(7	pairs	in	2016	and	14	pairs	in	2017).	This	
time	of	year	coincides	with	the	end	of	the	non-breeding	season	and	the	beginning	of	the	
breeding	season	for	Rufous-and-white	Wrens	(i.e.	nest	building	and	egg	laying),	which	coincides	
with	the	first	large	rainfall	of	the	year	(Topp	and	Mennill	2008).	Each	male	subject	received	
playback	on	two	occasions	at	different	breeding	stages.	First,	we	delivered	playback	during	the	
subject’s	partner’s	fertile	period,	which	we	defined	as	the	window	from	five	days	before	to	two	
days	after	females	laid	their	first	egg	of	a	clutch	(Birkhead	1998).	This	period	usually	occurred	
during	the	first	breeding	attempt	after	the	first	large	rainfall	of	the	year	(n	=	19	subjects),	or	
following	subsequent	failed	breeding	attempts	due	to	nest	predation	(n	=	2	subjects).	Second,	
we	delivered	playback	during	the	incubation	period,	which	we	defined	as	the	period	when	
females	were	incubating	their	completed	clutch	(females	usually	lay	between	2-5	eggs	and	
incubate	for	12-15	days).	We	determined	the	breeding	stage	of	each	pair	prior	to	conducting	
playback	by	finding	and	monitoring	their	nests,	and	by	carefully	observing	the	behaviour	of	
birds	during	morning	focal	recordings.		
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	 Each	playback	experiment,	both	in	the	fertile	and	non-fertile	period,	included	two	stages	
of	playback:	the	“Intrusion	Stage”	and	the	“Duetting	Stage”	(Figure	2.1).	During	the	Intrusion	
Stage,	we	simulated	a	neighbouring	male	encroaching	onto	the	subject’s	territory,	potentially	
seeking	extra-pair	copulations.	We	chose	to	simulate	a	neighbouring	male,	rather	than	a	more	
distant	male,	because	a	previous	genetic	study	of	the	mating	system	of	Rufous-and-white	
Wrens	found	that	all	extra-pair	sires	were	territorial	neighbours,	suggesting	that	neighbours	are	
the	most	potent	threat	to	a	male’s	paternity	(Douglas	et	al.	2012).	The	Intrusion	Stage	was	a	
“priming	stage”	that	established	a	context	of	reproductive	competition	for	the	territorial	male	
subject.	We	placed	the	Intrusion	Stage	loudspeaker	near	the	shared	territory	boundary	
between	the	subject’s	and	neighbour’s	territory.		
During	the	second	stage	of	playback,	the	Duetting	Stage,	we	simulated	the	songs	of	the	
resident	female	using	a	loudspeaker	placed	near	the	centre	of	the	subject’s	territory,	providing	
the	subject	male	with	an	opportunity	to	perform	duets	with	his	breeding	partner.	(A	similar	
protocol	has	proven	successful	in	three	other	species	of	duetting	wrens;	Logue	et	al.	2008;	
Templeton	et	al.	2013;	Rivera-Cáceras	et	al.	2016.)	Female	song	output	is	typically	quite	low	in	
our	study	species,	and	highly	variable	(Mennill	and	Vehrencamp	2008),	and	therefore	we	could	
not	rely	on	the	resident	female	to	produce	enough	songs	to	test	male	responsiveness	during	
the	Duetting	Stage.	During	the	Duetting	Stage,	the	subject	had	the	opportunity	to	respond	to	
his	partners’	songs	broadcast	through	the	loudspeaker	(30	songs	in	total)	as	well	as	any	songs	
sung	by	his	partner	(these	were	rare;	females	produced	an	average	of	5.0	±	1.2	songs	during	the	
Duetting	Stage).	Although	we	considered	removing	females	from	the	subjects’	territories	during	
playback,	logistical	difficulties	made	this	impossible;	we	could	not	capture	females	without	
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simultaneously	capturing	males.	We	controlled	for	variation	in	the	subject’s	partner’s	song	
output	during	the	Duetting	Stage,	as	explained	below.	
Each	playback	trial	consisted	of	5	minutes	of	pre-playback	silence,	2	minutes	of	
neighbour	male	playback	followed	by	30	seconds	of	silence	(i.e.	the	Intrusion	Stage;	2.5	minutes	
in	total),	and	5	minutes	of	focal	female	playback	(i.e.	the	subject’s	breeding	partner)	followed	
by	5	minutes	of	silence	(i.e.	the	Duetting	Stage;	10	minutes	in	total;	Figure	2.1).	We	observed	
the	behaviour	of	both	the	male	subject	and	his	breeding	partner	during	the	Intrusion	and	
Duetting	Stages.	We	did	not	conduct	playback	to	neighbouring	pairs	on	the	same	day,	to	avoid	
our	playbacks	having	an	influence	outside	of	the	territory	of	the	subject.	On	a	few	rare	
occasions,	neighbouring	males	approached	the	territory	boundary	and	sang	during	our	playback	
trials.	We	excluded	these	trials	and	re-conducted	them	during	the	following	day.	
	 The	playback	apparatus	consisted	of	two	camouflaged	wireless	loudspeakers	(Scorpion	
TX200,	FOXPRO	Inc.)	placed	in	vegetation	1m	off	the	ground.	We	placed	the	loudspeaker	for	
the	Intrusion	Stage	20-30m	from	the	edge	of	the	shared	territory	boundary	with	the	closest	
neighbouring	male.	In	a	few	cases	when	a	male	had	no	immediate	neighbours,	we	placed	the	
loudspeaker	at	the	territory	edge	with	the	closest	possible	neighbouring	male	that	the	subject	
could	conceivably	hear.	We	placed	the	Duetting	Stage	loudspeaker	(i.e.	the	loudspeaker	playing	
the	subject’s	partner’s	songs)	near	the	centre	of	the	subject’s	territory,	and	we	always	placed	
this	second	loudspeaker	50m	away	from	the	Intrusion	Stage	loudspeaker.	Rufous-and-white	
Wren	territories	are	large	(300	–	1200	m2;	Osmun	and	Mennill	2011),	and	therefore	there	were	
several	trials	where	we	placed	the	female	speaker	further	away	from	the	territory	centre	so	
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that	it	was	always	50m	away	from	the	Intrusion	Stage	speaker.	This	ensured	that	subject	males	
were	always	able	to	hear	both	speakers.	We	played	all	stimuli	at	80	dB	SPL,	which	we	measured	
beforehand	with	a	Casella	CEL-24X	sound	level	metre	(C-weighting;	fast	response).	We	chose	to	
play	our	stimuli	at	80db	because	it	reflects	the	typical	amplitude	of	Rufous-and-white	Wren	
songs	at	our	study	site,	and	has	been	used	in	previous	playback	studies	with	this	species	(e.g.	
Mennill	2006;	Kovach	et	al.	2014).	
	 During	playback,	an	observer	(ZAK)	sat	in	a	position	concealed	by	vegetation,	15-20m	
away	from	the	Duetting	Stage	loudspeaker,	and	recorded	the	experiment	using	a	solid-state	
digital	recorder	(Marantz	PMD661)	and	a	shotgun	microphone	(Sennheiser	MKH70)	mounted	to	
a	small	tripod.	The	observer	was	always	positioned	closer	to	the	Duetting	Stage	loudspeaker	in	
order	to	observe	all	vocal	and	physical	behaviours	of	the	subject	male	and	his	breeding	partner	
during	the	experimental	Duetting	Stage	(the	Intrusion	Stage	was	used	as	a	priming	treatment	
only).	We	placed	flagging	tape	at	1m	and	2m	intervals	in	all	4	directions	around	the	Duetting	
Stage	speaker	in	order	to	help	estimate	the	distance	of	the	subject	to	the	loudspeaker.	The	
observer	quietly	dictated	the	identity	and	behaviours	of	focal	birds	into	the	microphone	during	
playback,	providing	a	time-synchronized	record	of	the	subject’s	vocalizations	and	physical	
activities.		
Playback	stimuli	
	 We	generated	playback	stimuli	by	isolating	high-quality	songs	from	recordings	of	birds	
previously	collected	at	our	study	site.	For	neighbour	male	stimuli,	we	used	recordings	of	male	
solo	songs	collected	from	the	closest	neighbouring	individual	for	each	focal	pair.	For	focal	
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female	stimuli,	we	used	recordings	of	female	solo	songs	collected	from	the	subject’s	breeding	
partner.	We	created	stimuli	using	Audition	software	(v	3.0;	Adobe,	San	Jose,	CA,	U.S.A.).	We	
selected	one	song	with	a	high	signal-to-noise	ratio	(assessed	visually	from	the	spectrogram),	
filtered	out	background	noise	from	recordings	with	a	800	Hz	high-pass	filter,	and	standardized	
the	song	amplitude	to	-1dB	so	that	all	stimuli	were	broadcast	at	the	same	amplitude.	We	played	
songs	in	both	treatments	at	a	rate	of	1	song	every	10	seconds,	consistent	with	the	natural	song	
rates	of	this	species	(Mennill	and	Vehrencamp	2005).	
Playback	response	measurements	
	 We	used	Syrinx	PC	(J.	Burt,	Seattle,	WA,	U.S.A.)	to	visualize	audio	recordings	created	
during	playback	trials.	We	annotated	these	recordings	to	produce	a	time-stamped	record	of	all	
duets,	independent	songs,	and	physical	behaviours	of	subject	birds.	As	in	previous	studies	in	
Rufous-and-white	Wrens,	we	defined	a	male-created	duet	as	an	instance	where	a	male	sang	≤ 
1.0	sec	after	the	end	of	his	female’s	song	(either	a	playback	song	or	a	song	from	his	actual	
partner;	Mennill	and	Vehrencamp	2005).	We	defined	an	independent	song	as	either	a	solo	song	
(i.e.	a	song	that	was	not	preceded	or	followed	by	a	partner’s	song	by	at	least	1.0	sec)	or	a	song	
that	was	sung	as	the	first	component	of	a	duet	(i.e.	a	song	where	the	partner	responded,	
creating	a	duet).	From	our	annotations,	we	extracted	three	measurements	of	the	subject’s	
vocal	behaviour,	and	four	measurements	of	the	subject’s	physical	behaviour,	during	the	
Duetting	Stage:	(1)	number	of	male-created	duets	in	response	to	partner	songs	broadcast	from	
the	loudspeaker,	(2)	number	of	male-created	duets	in	response	to	actual	partner	songs,	(3)	
number	of	independent	songs,	(4)	distance	of	closest	approach	to	the	female	loudspeaker	(m),	
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(5)	latency	to	approach	within	10m	of	the	female	loudspeaker	(sec),	(6)	time	spent	within	10m	
of	the	female	loudspeaker	(sec),	and	(7)	number	of	flights	(i.e.	the	number	of	times	a	bird	flew	
from	one	perch	to	another).	From	duetting	variables	(1)	and	(2),	we	created	a	single	duet	
responsiveness	variable,	calculated	as	the	total	number	of	duets	created	with	playback,	divided	
by	the	total	number	of	female	songs	the	subject	had	an	opportunity	to	perform	a	duet	with	(i.e.	
30	songs	from	playback	plus	any	additional	independent	songs	uttered	by	the	subject’s	
partner).	For	birds	that	did	not	respond	to	playback,	we	assigned	a	distance	of	closest	approach	
of	50m	(we	expect	we	would	have	detected	any	bird	within	this	range)	and	a	latency	to	
approach	within	10m	of	600	seconds	(i.e.	the	total	length	of	the	Duetting	Stage).	 
Data	analysis	
	 We	used	duet	responsiveness	and	number	of	male	independent	songs	as	our	primary	
acoustic	response	measurements.	To	summarize	variation	in	the	four	physical	response	
measurements	(measurements	4-7,	above)	we	conducted	a	principal	component	analysis	in	
JMP	(v12.0;	SAS	Institute,	Cary,	NC).	This	analysis	yielded	one	principal	component	(PC1)	with	
an	eigenvalue	≥	1	(2.61),	and	this	component	explained	65.2%	of	the	variation	in	the	four	
original	measurements.	PC1	scores	were	positively	associated	with	time	spent	within	10m	of	
the	female	loudspeaker	and	number	of	flights,	and	negatively	associated	with	distance	of	
closest	approach	and	latency	to	approach	within	10m	of	the	female	loudspeaker.	Thus,	PC1	
provided	an	indication	of	the	physical	response	of	the	male,	where	higher	scores	indicated	a	
higher	intensity	of	physical	response	towards	the	female	loudspeaker,	consistent	with	physical	
mate	guarding.		
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	 To	assess	differences	in	male	vocal	and	physical	behaviours	across	female	fertility	
status,	we	conducted	paired	t-tests	for	our	three	key	response	variables.	To	investigate	how	
male	duetting	behaviour	changed	across	female	fertility	status,	we	used	total	duet	
responsiveness	as	our	metric	of	duetting	behaviour,	and	conducted	paired	t-tests	on	duet	
responsiveness	between	fertile	and	non-fertile	stages.	To	investigate	how	independent	song	
rates	changes	across	female	fertility	status,	we	conducted	paired	t-tests	on	independent	song	
rates	between	fertile	and	non-fertile	stages.	Finally,	to	investigate	how	male	physical	behaviour	
changed	across	female	fertility	status,	we	conducted	paired	t-tests	on	male	physical	response	
score	(PC1)	between	fertile	and	non-fertile	stages.	All	variables	used	in	these	analyses	met	
assumptions	of	normality.	
	 Given	that	we	could	not	remove	focal	females	from	the	subject’s	territory	during	
playback	trials,	we	wanted	to	investigate	whether	female	behaviour	during	playback	influenced	
the	male	subject’s	behaviour.	To	do	this,	we	compared	subject	behaviour	between	trials	where	
the	females	responded	to	playback	(i.e.	female	approached	within	50m	of	the	Duetting	Stage	
loudspeaker)	and	trials	in	which	females	did	not	respond	(i.e.	female	remained	>50m	from	the	
Duetting	Stage	loudspeaker);	we	used	Wilcoxon	Signed-rank	tests	due	to	the	non-normality	of	
our	data.	We	defined	a	non-responsive	female	as	one	that	did	not	approach	the	focal	female	
loudspeaker	(i.e.	females	remained	at	a	distance	>50	m	throughout	the	Duetting	Stage	
playback).	All	tests	are	two-tailed	and	all	data	are	presented	as	means	±	standard	errors.		
	 We	conducted	a	total	of	42	playback	experiments	to	the	21	playback	subjects,	each	
receiving	playback	at	two	breeding	stages	(i.e.	fertile	and	non-fertile	incubation).	Males	
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responded	to	playback	during	the	Duetting	Stage	in	all	trials	by	singing	at	least	one	song	and	
approaching	to	within	at	least	20m	of	the	female	loudspeaker.	Females	responded	in	29	out	of	
42	trials	(69%).	Of	the	13	trials	in	which	females	did	not	respond,	2	were	in	the	fertile	period	
and	11	were	in	the	non-fertile	period.	
Results	
Male	vocal	responses	to	playback	
	 The	duetting	behaviour	of	male	Rufous-and-white	Wrens	varied	significantly	with	
female	fertility	status	during	the	Duetting	Stage	of	playback.	Males	answered	a	significantly	
higher	proportion	of	female	songs	to	create	duets	during	the	fertile	period	compared	to	the	
non-fertile	period	(fertile	period:	44.0	±	5.0%	of	female	songs	answered,	non-fertile	period:	
33.0	±	5.0%;	Paired	t-test:	t20	=	3.1,	p	=	0.006;	Figure	2.2).	Male	duetting	behaviour	was	not	
influenced	by	whether	or	not	females	responded	to	playback,	because	males	answered	a	
similar	proportion	of	female	songs	to	create	duets	in	trials	where	their	breeding	partners	
responded	compared	to	trials	where	they	did	not	(female	response:	38.9	±	3.9%;	no	female	
response:	37.7	±	8.0%;	Wilcoxon	signed-ranks	test:	Z	=	0.22,	n	=	42,	p	=	0.83).		
Males	sang	independent	songs	at	similar	rates	during	the	Duetting	Stage	in	the	fertile	
period	compared	to	the	non-fertile	period	(fertile	period:	30.6	±	2.4	songs;	non-fertile	period:	
27.5	±	2.7	songs;	Paired	t-test:	t20	=	1.0,	p	=	0.45;	Figure	2.3).	There	was	a	significant	propensity	
for	males	to	sing	more	independent	songs	in	trials	where	their	females	responded	compared	to	
trials	where	they	did	not	(female	response:	31.4	±	2.2	songs,	no	female	response:	23.7	±	2.6	
songs;	Wilcoxon	signed-ranks	test:	Z	=	1.97,	n	=	42,	p	=	0.049).	
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Male	physical	responses	to	playback	
	 The	physical	behaviour	of	male	Rufous-and-white	Wrens	varied	significantly	with	female	
fertility	status	during	the	Duetting	Stage.	Male	physical	response	intensity	scores	(a	principal	
component	score,	PC1,	summarizing	four	physical	response	measurements)	were	significantly	
higher	during	the	fertile	period	compared	to	the	non-fertile	period,	indicating	that	males	
responded	with	greater	physical	intensity	towards	the	loudspeaker	when	their	females	were	
fertile	(Paired	t-test:	t20	=	5.55,	p	<	0.0001;	Figure	2.4).	Additionally,	male	physical	response	
intensity	scores	were	significantly	higher	in	trials	where	their	breeding	partners	responded	to	
playback	compared	to	trials	where	they	did	not	(Wilcoxon	signed-ranks	Test:	Z	=	2.67,	n	=	42,	p	
=	0.008;	Figure	2.5).	
Discussion	
	 The	playback	responses	of	male	Rufous-and-white	Wrens	support	the	Paternity	
Guarding	Hypothesis.	After	experiencing	an	intrusion	from	a	neighbouring	male,	subject	males	
answered	a	significantly	higher	proportion	of	female	songs	to	create	duets	during	the	fertile	
period	compared	to	the	non-fertile	period,	suggesting	that	duets	serve	a	paternity	guarding	
function	in	this	species.	In	support	of	another	one	of	our	predictions,	males	exhibited	a	more	
intense	physical	response	towards	the	loudspeaker	simulating	their	breeding	partners	during	
the	fertile	period	compared	to	the	non-fertile	period,	suggesting	that	males	also	use	physical	
mate	guarding	behaviours	to	protect	their	paternity.	In	contrast	to	our	third	prediction,	males	
did	not	sing	independent	songs	at	a	higher	rate	during	the	fertile	period	compared	to	the	non-
fertile	period,	suggesting	that	higher	independent	song	rates	do	not	function	in	acoustic	
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paternity	guarding,	and	that	the	increased	duet	responsiveness	of	males	was	not	a	product	of	
increased	song	output.	Our	study	is	among	the	first	to	provide	experimental	support	for	the	
idea	that	duets	function	as	acoustic	paternity	guards	in	a	duetting	species,	and	our	results	
indicate	that	male	Rufous-and-white	Wrens	use	both	duets	and	physical	behaviours	to	guard	
their	females	during	the	fertile	period.		
Acoustic	paternity	guarding	
	 Male	Rufous-and-white	Wrens	appeared	to	use	vocal	duets	to	guard	their	females	
during	the	fertile	period.	In	contrast,	many	previous	studies	of	seasonal	variation	in	duetting	
behaviour	show	no	evidence	for	higher	duetting	rates	during	the	female	fertile	period	(e.g.	Hall	
and	Magrath	2000;	Gill	et	al.	2005;	Hall	and	Peters	2009;	Dowling	and	Webster	2013).	Very	few	
studies,	however,	have	used	playback	to	experimentally	simulate	an	aggressive	context	where	
paternity	guarding	would	be	expected	to	occur,	particularly	where	males	are	given	an	
opportunity	to	answer	many	of	their	partner’s	songs.	Rufous-and-white	Wrens	are	unusual	
among	duetting	species	that	have	been	studied	to	date	in	that	males	answer	the	highest	
proportion	of	female	songs	to	create	duets	during	the	fertile	period	in	natural	contexts,	and	the	
results	of	our	experiment	corroborate	this	finding	(Topp	and	Mennill	2008).	Rufous-and-white	
Wrens	are	one	of	only	three	species	which	appear	to	use	duets	to	acoustically	guard	females	
during	the	fertile	period	(Marshall-ball	et	al.	2006;	Baldassare	et	al.	2016),	highlighting	the	need	
for	more	experimental	studies	to	test	this	hypothesis	in	diverse	species.		
	 There	are	several	possible	explanations	for	why	an	acoustic	paternity	guarding	strategy	
could	be	advantageous	for	male	Rufous-and-white	Wrens.	First,	ecological	conditions	at	our	
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study	site	may	necessitate	an	acoustic	signalling	strategy	in	the	context	of	paternity	guarding.	
Birds	in	our	study	population	live	in	dense	forests	with	substantial	visual	obstruction	from	
vegetation,	where	it	is	likely	difficult	for	males	to	maintain	visual	contact	with	partners	over	
longer	distances.	A	previous	study	in	this	species	found	that	birds	use	duets	to	find	each	other	
and	maintain	contact	over	long	distances,	lending	support	to	the	idea	that	maintaining	visual	
contact	with	a	partner	may	be	difficult	(Mennill	and	Vehrencamp	2008).	As	such,	males	may	
need	to	use	duets	to	advertise	their	own	location	and	the	paired	status	of	their	partner	to	
intruders	during	the	fertile	period	to	prevent	extra-pair	mating	attempts.	Alternatively,	males	
may	signal	their	commitment	to	their	breeding	partner	by	creating	duets	with	them,	thereby	
dissuading	them	from	engaging	in	extra-pair	mating	or	divorce	behaviours	(Hall	2004).	Female	
Rufous-and-white	Wrens	initiate	the	majority	of	divorce	events	and	exhibit	higher	breeding	
dispersal	than	males,	suggesting	that	females	actively	make	decisions	about	mate	choice	during	
the	breeding	season	(Graham	et	al.	in	press;	Mennill	unpublished	data).	Therefore,	it	may	be	
critical	for	males	to	sing	duets	with	their	females	during	the	fertile	period	to	ensure	mate	
retention	and	the	ability	to	breed	throughout	the	wet	season.	
	 The	low	rates	of	extra-pair	offspring	in	some	tropical	species	have	been	attributed	to	
several	different	ecological	factors	(reviewed	in	Macedo	et	al.	2008),	including	reduced	
breeding	synchrony	as	a	result	of	longer	and	more	unpredictable	breeding	seasons	(e.g.	
Stutchbury	and	Morton	1995;	Morton	et	al.	1998),	low	breeding	densities	resulting	in	fewer	
extra-pair	mating	opportunities	(e.g.	Verboven	and	Mateman	1997),	higher	annual	adult	
survival	(Mauck	et	al.	1998;	Arndol	and	Owens	2002),	increased	male	parental	care	dissuading	
females	from	engaging	in	extra-pair	matings	(Gowaty	1996;	Morton	et	al.	1998;	Albrecht	et	al.	
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2006),	and	long-term	breeding	partnerships	(e.g.	Chu	et	al.	2002).	Interestingly,	although	
Rufous-and-white	Wrens	exhibit	low	levels	of	extra-pair	offspring	in	their	nests	(3%	of	offspring	
in	6%	of	broods;	Douglas	et	al.	2012),	only	a	few	of	these	explanations	apply	to	this	species.	For	
example,	breeding	synchrony	is	extremely	high	in	our	study	population	immediately	after	the	
first	rainfall	of	the	year	(i.e.	when	we	conducted	the	majority	of	playbacks),	because	pairs	begin	
to	build	nests	and	lay	eggs	extremely	rapidly	during	this	time	(Topp	and	Mennill	2008).	In	
closely-related	Buff-breasted	Wrens,	where	breeding	synchrony	is	very	low,	there	were	no	
extra-pair	offspring	across	the	population	and	males	did	not	sing	more	duets	with	their	females	
in	the	fertile	period,	indicating	that	low	breeding	synchrony	may	have	contributed	to	higher	
female	fidelity	in	this	species	(Gill	et	al.	2005).	Additionally,	although	male	Rufous-and-white	
Wrens	help	to	build	nests	and	provide	care	to	their	offspring,	their	level	of	investment	appears	
be	lower	in	comparison	to	other	duetting	species	(i.e.	they	provide	only	1/3	of	nestling	
provisioning	trips	and	do	not	incubate	the	eggs;	Hall	1999;	Gill	et	al.	2005)	Finally,	the	
relationship	between	breeding	density	and	rates	of	extra-pair	paternity	in	this	species	is	
unclear;	population	size,	and	probably	breeding	density,	at	our	study	site	fluctuates	greatly	
from	year-to-year	and	appears	to	be	directly	related	to	local	climate	during	the	previous	year	
(Woodworth	et	al.	in	prep).	These	characteristics,	in	addition	to	the	results	of	our	study,	suggest	
that	low	rates	of	extra-pair	paternity	in	Rufous-and-white	Wrens	are	probably	not	due	to	
ecological	differences	between	tropical	and	temperate	species,	and	instead	that	both	acoustic	
and	physical	male	paternity	guarding	strategies	may	be	effective	at	limiting	extra-pair	mating	
opportunities.	
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	 Several	studies	have	directly	tested	the	Paternity	Guarding	Hypothesis	by	investigating	
how	male	duetting	behaviour	affects	rates	of	extra-pair	offspring	in	nests.	In	Crimson-breasted	
Shrikes,	males	that	sang	more	duets	with	their	females	did	not	experience	lower	rates	of	extra-
pair	offspring	in	their	nests,	suggesting	that	duets	were	not	effective	paternity	guards	in	this	
species	(Van	den	Heuvel	et	al.	2014).	In	contrast,	male	Red-backed	Fairy-wrens	that	exhibited	
stronger	duetting	responses	during	simulated	intrusions	had	fewer	extra-pair	offspring	in	their	
nests,	indicating	that	duets	were	effective	at	limiting	extra-pair	mating	attempts	from	rival	
males.	Interestingly,	Red-backed	Fairy-wrens	have	higher	rates	of	extra-pair	paternity	in	their	
nests	(47%	of	offspring	in	60%	of	broods;	Baldassare	et	al.	2016)	compared	to	Crimson-breasted	
Shrikes	(20%	of	offspring	in	32%	of	broods;	Van	den	Heuvel	et	al.	2014),	suggesting	that	there	
may	be	increased	selection	on	acoustic	paternity	guarding	strategies	in	species	with	lower	
female	fidelity.	Rufous-and-white	Wrens	exhibit	low	levels	of	extra-pair	paternity	in	their	nests,	
suggesting	that	there	is	minimal	need	for	paternity	guards,	yet	our	results	indicate	that	they	
exhibit	pronounced	paternity	guarding	behaviours	(Kokko	Morrell	2005;	Douglas	et	al.	2012).	
This	suggests	that	low	rates	of	extra-pair	paternity	in	Rufous-and-white	Wrens	may	be	a	
product	of	effective	paternity	guarding	strategies.	Ultimately,	only	the	assessment	of	how	
duetting	behaviour	affects	rates	of	extra-pair	paternity	across	a	wide-range	of	duetting	species	
will	help	to	elucidate	the	broad	evolutionary	pressures	acting	on	these	behaviours	(Macedo	et	
al.	2008).		
	 	We	found	that	males	did	not	sing	more	independent	songs	in	the	fertile	period	
compared	to	the	non-fertile	period,	indicating	that	males	do	not	increase	their	overall	song	
rates	to	guard	their	females	and	protect	their	paternity.	This	result	suggests	that	the	increase	in	
	 37	
male	duet	responsiveness	during	the	fertile	period	was	a	result	of	a	change	in	song	usage	rather	
than	simply	a	product	of	an	overall	increase	in	singing	rate.	Increased	male	song	rates	during	
the	fertile	period	have	been	shown	in	males	of	some	temperate	species	(e.g.	Møller	1988;	Bruni	
and	Foote	2014;	Sexton	et	al.	2007),	although	not	in	others	(e.g.	Gil	et	al.	1999;	Turner	and	
Barber	2004),	providing	evidence	that	this	is	not	a	widespread	paternity	guarding	strategy	
across	birds.	In	Rufous-and-white	Wrens,	singing	more	independent	songs	could	be	interpreted	
as	a	strategy	to	stimulate	a	response	from	a	partner,	and	therefore	advertise	her	mated	status	
to	intruders.	Testing	this	idea	is	difficult,	however,	and	this	strategy	is	unlikely	to	be	effective	in	
cases	where	females	are	motivated	to	seek	extra-pair	mating	opportunities	and	are	therefore	
unlikely	to	be	responsive	to	their	partner’s	songs.	
Physical	paternity	guarding	
	 In	support	of	one	of	our	predictions,	males	exhibited	a	more	intense	physical	response	
towards	the	focal	female	loudspeaker	during	the	fertile	period	compared	to	the	non-fertile	
period.	This	suggests	that	males	may	have	attempted	to	physically	guard	their	females	during	
the	fertile	period,	as	they	approached	the	focal	female	loudspeaker	more	quickly,	more	closely,	
and	maintained	close	proximity	for	longer	periods	of	time.	Additionally,	males	exhibited	a	
significantly	greater	physical	response	during	trials	when	their	females	responded	to	playback,	
indicating	that	the	presence	of	the	actual	breeding	partner	elicited	a	more	intense	physical	
response	from	subject	males	during	playback.	The	strength	of	these	trends	provide	strong	
support	for	the	idea	that	physical	mate	guarding	behaviours	are	important	for	male	Rufous-
and-white	Wrens	in	protecting	their	paternity	during	the	female	fertile	period.		
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	 Our	results	indicate	that,	in	addition	to	acoustic	duetting,	physical	mate	guarding	may	
be	an	effective	strategy	for	male	Rufous-and-white	Wrens	to	protect	their	paternity.	Rufous-
and-white	Wrens	are	similar	to	many	other	avian	species	which	have	been	shown	to	physically	
guard	their	partners,	both	in	temperate	species	(reviewed	in	Birkhead	and	Møller	1992;	e.g.	
Westneat	1994;	Currie	et	al.	1999;	Komdeur	et	al.	1999;	Evans	et	al.	2008;	Foote	et	al.	2008),	
and	in	other	duetting	species	(e.g.	Hall	and	Magrath	2000;	Hall	and	Peters	2009;	Dowling	and	
Webster	2017).	Physical	mate	guarding	has	been	shown	to	effectively	reduce	rates	of	extra-pair	
paternity	in	some	species	(e.g.	Komdeur	et	al.	1999;	Currie	et	al.	1999;	Chuang	Dobbs	et	al.	
2001;	Brylawski	and	Whittingham	2004),	and	could	be	one	mechanism	to	explain	the	low	levels	
of	extra-pair	paternity	exhibited	in	Rufous-and-white	Wrens	(Douglas	et	al.	2012).	Our	results	
support	previous	observations	in	this	species	in	which	breeding	partners	appear	to	spend	a	lot	
of	their	time	in	close	proximity	to	each	other	while	foraging	and	nest-building	during	the	early	
breeding	season	(Z.	Kahn	pers.	obs).	In	tropical	species	living	in	dense	habitats,	physical	
behaviours	could	be	extremely	important	to	prevent	extra-pair	copulations,	as	acoustic	
guarding	can	only	be	effective	when	a	female	chooses	to	sing.	The	strong	physical	mate	
guarding	behaviour	displayed	by	males	in	our	experiments,	in	addition	to	the	evidence	of	
duetting	as	an	acoustic	paternity	guard,	suggests	that	low	rates	of	extra	pair	paternity	in	our	
population	are	likely	a	product	of	these	paternity	guarding	strategies	rather	than	by	high	female	
fidelity.	
	 Due	to	the	logistical	difficulties	in	removing	females	from	territories,	we	were	unable	to	
fully	control	for	the	effect	of	female	behaviour	on	the	responses	of	subject	males.	When	we	
compared	male	physical	response	scores	between	trials	where	females	did	and	didn’t	respond	
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to	playback,	we	found	that	males	responded	with	higher	physical	intensity	in	trials	where	their	
females	were	present.	This	suggests	that	physical	responses	of	males	and	female	were	
positively	correlated,	and	that	males	exhibited	a	stronger	physical	response	towards	the	female	
loudspeaker	when	their	actual	female	partners	were	more	responsive.	There	are	two	potential	
problems	that	arise	from	this:	(1)	Since	there	were	many	more	unresponsive	females	during	the	
non-fertile	period	(11	of	13	trials	with	unresponsive	females	occurred	during	the	non-fertile	
period),	our	results	could	partially	be	a	function	of	differences	in	female	behaviour	across	
breeding	stages,	and	(2)	Subject	males	may	have	perceived	the	focal	female	speaker	as	an	
intruding	female	rather	than	their	breeding	partner.	Despite	this,	we	are	confident	that	the	
presence	of	focal	females	did	not	confound	our	results,	for	the	following	reasons:	(1)	Male	
subjects	created	duets	with	the	female	loudspeaker	at	similar	rates	in	trials	where	females	did	
and	didn’t	respond	to	playback.	This	indicates	that	males	continued	to	treat	the	focal	female	
speaker	as	their	partner	even	in	the	presence	of	their	mate	because,	to	the	best	of	our	
knowledge,	males	do	not	create	duets	with	birds	other	than	their	social	partner	(Mennill	and	
Vehrencamp	2005;	Mennill	2006;	Mennill	and	Vehrencamp	2008;	Kovach	et	al.	2014;	Hick	et	al.	
2015),	(2)	Similar	playback	protocols	have	been	used	successfully	in	three	other	species	of	
duetting	wrens,	including	two	studies	in	Black-bellied	Wrens	in	which	females	were	not	
removed	from	territories	(Logue	2007;	Logue	2008;	Templeton	et	al.	2013;	Rivera-Cáceras	et	al.	
2016),	and	(3)	Subject	males	could	be	expected	to	respond	with	higher	physical	intensity	during	
trials	when	their	partners	responded,	as	the	presence	of	their	females	would	provide	them	with	
additional	signals	to	physically	guard	their	partners.	In	addition,	the	thick	vegetation	at	our	
study	site	would	have	made	it	difficult	for	males	to	maintain	visual	contact	with	their	partners	
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at	all	times,	suggesting	that	males	would	have	a	difficult	time	differentiating	the	focal	female	
speaker	from	their	partner.	We	therefore	suggest	that	the	physical	behaviour	of	males	during	
our	experiments	was	primarily	influenced	by	female	fertility	status,	and	that,	although	males	
appeared	to	more	aggressively	guard	the	focal	female	loudspeaker	when	their	actual	breeding	
partners	were	present	during	playback,	this	did	not	confound	our	results.	
Conclusion	
	 Using	a	playback	experiment,	we	found	evidence	supporting	the	Paternity	Guarding	
Hypothesis	in	Rufous-and-white	Wrens;	males	exhibited	differences	in	both	physical	and	vocal	
behaviours	across	female	fertility	status.	Males	responded	to	a	higher	proportion	of	female	
songs	to	create	duets	in	the	female	fertile	period	compared	to	the	non-fertile	period,	
suggesting	that	they	were	attempting	to	acoustically	protect	their	paternity,	but	there	were	no	
differences	in	independent	song	rates	between	fertility	periods.	We	also	found	a	strong	
difference	in	male	physical	response	intensity	between	fertility	periods,	because	males	
appeared	to	physically	guard	their	partners	during	the	fertile	period	by	approaching	the	focal	
female	loudspeaker	more	quickly	and	closely	compared	to	the	non-fertile	period.	Our	results	
suggest	that	Rufous-and-white	Wrens	employ	a	dual	paternity	guarding	strategy,	using	both	
vocal	and	physical	behaviours	to	guard	their	partners	during	the	fertile	period.	This	study	is	
among	the	first	to	provide	experimental	support	for	the	idea	that	vocal	duets	function	as	
acoustic	paternity	guards,	further	highlighting	the	need	to	experimentally	study	duet	function	
across	a	wide	range	of	species	and	ecological	contexts.		 	
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Figures		
	
	
	
Figure	2.1:	A	visual	timeline	for	the	two-stage	procedure	of	our	playback	experiment.	Both	
stages	were	repeated	for	each	subject	when	their	partner	was	fertile,	and	when	she	was	not	
fertile.	
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Figure	2.2:	Male	Rufous-and-white	Wrens	answered	a	significantly	higher	proportion	of	female	
songs	(i.e.	female	songs	from	playback	+	actual	female	songs)	in	the	fertile	period	(black	circles)	
compared	to	the	non-fertile	period	(white	circles)	during	the	Duetting	Stage	of	the	playback	
experiment.	This	graph	shows	paired	comparisons	of	the	duet	responsiveness	of	individual	
males	between	the	fertile	and	non-fertile	breeding	stages.	
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Figure	2.3:	Male	Rufous-and-white	Wrens	did	not	sing	more	independent	songs	in	the	fertile	
period	(black	circles)	compared	to	the	non-fertile	period	(white	circles)	during	the	Duetting	
Stage	of	the	playback	experiment.	This	graph	shows	paired	comparisons	of	the	number	of	
independent	songs	by	individual	males	between	the	fertile	and	non-fertile	breeding	stages.	
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Figure	2.4:	Male	Rufous-and-white	Wrens	responded	with	significantly	greater	physical	
intensity	towards	the	focal	female	loudspeaker	in	the	fertile	period	(black	circles)	compared	to	
the	non-fertile	period	(white	circles)	during	the	Duetting	Stage	of	the	playback	experiment.	This	
suggests	that	males	attempted	to	physically	guard	their	females	during	this	time.	This	graph	
shows	paired	comparisons	of	the	physical	intensity	response	(i.e.	PC1	scores)	of	individual	
males	between	the	fertile	and	non-fertile	breeding	stages.	
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Figure	2.5:	Male	Rufous-and-white	Wrens	responded	with	a	significantly	greater	physical	
intensity	towards	the	focal	female	loudspeaker	during	trials	when	females	responded	to	
playback	(n	=	29)	compared	to	trials	when	they	did	not	(n	=	13).	Black	circles	represent	means	
with	standard	error	bars.	
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Chapter	3:		Duetting	behaviour	does	not	signal	future	parental	investment	in	Rufous-and-
white	Wrens
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Chapter	summary	
	 In	many	tropical	animals,	breeding	partners	combine	their	vocalizations	to	create	vocal	
duets.	Although	duets	have	been	shown	to	function	in	territory	defense,	mate	guarding,	and	
maintaining	contact,	few	studies	have	investigated	the	hypothesis	that	duetting	behaviour	can	
signal	willingness	or	ability	to	invest	effort	into	aspects	of	monogamous	partnerships.	In	this	
study,	we	tested	the	hypothesis	that	duets	are	related	to	investment	in	future	reproductive	
activities	(i.e.	the	Signalling	Commitment	Hypothesis),	by	investigating	the	relationship	between	
pre-breeding	singing	behaviour	and	subsequent	parental	investment	during	the	nest-building	
and	nestling-provisioning	breeding	stages.	We	recorded	singing	behaviour	and	reproductive	
activities	from	38	breeding	pairs	in	a	colour-marked	population	of	Rufous-and-white	Wren	
(Thryophilus	rufalbus)	in	Costa	Rica.	We	did	find	support	for	predictions	of	the	Signalling	
Commitment	Hypothesis,	because	we	found	no	relationships	between	the	singing	behaviour	of	
an	individual,	or	that	of	its	breeding	partner,	and	its	own	nest-building	or	nestling-provisioning	
effort,	suggesting	that	duetting	behaviour	does	not	signal	willingness	or	ability	to	provide	future	
parental	investment.	Additionally,	there	was	a	significant	positive	correlation	between	the	nest-
building	effort	of	breeding	partners,	suggesting	that	individuals	adjusted	their	own	level	of	
parental	investment	by	assessing	their	partner’s	behaviour	around	the	nest	during	the	nest-
building	stage.	This	study	is	the	first	to	directly	assess	the	relationship	between	singing	
behaviour	and	parental	investment	in	a	duetting	species,	and	suggests	that	duets	do	not	
function	as	displays	involved	in	post-pairing	mate	assessment	or	signalling	parental	
commitment	in	Rufous-and-white	Wrens.	
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Introduction	
	 In	many	animals,	individuals	can	evaluate	the	quality	of	potential	breeding	partners	by	
assessing	behavioural	and	ornamental	traits,	including	acoustic	signals	(e.g.	Buchanan	and	
Catchpole	2000;	Forsman	and	Hagman	2006;	Vannoni	and	McElligott	2008),	colour	signals	(e.g.	
Hill	1991;	Baldauf	et	al.	2011,	Smith	et	al.	2014),	physical	ornaments	(e.g.	Voltura	et	al.	2002;	
Pizzolon	et	al.	2012;	Tibbetts	et	al.	2015),	and	courtship	displays	(e.g.	Knapp	and	Kovach	1991;	
Green	and	Krebbs	1995;	Suzaki	et	al.	2013;	Chou	and	Backwell	2016).	These	traits	convey	
important	information	that	can	be	used	by	individuals	to	assess	and	evaluate	potential	breeding	
partners,	including	fitness	benefits	that	an	individual	may	gain	from	pairing	with	the	animal	that	
possesses	the	trait.	These	fitness	benefits	include	indirect	benefits,	such	as	increased	viability	of	
offspring	via	higher	quality	genes	or	enhanced	attractiveness	of	offspring	(Fisher	1930;	
Hamilton	and	Zuk	1982;	Heywood	1989),	as	well	as	direct	benefits,	such	as	enhanced	fertility	
and	fecundity,	access	to	higher	quality	ecological	resources	such	as	territories,	nest	sites,	or	
food,	or	increased	parental	investment	(Hoelzer	1989;	Hamilton	1990;	Andersson	1994).	
	 	Phenotypic	traits	that	honestly	indicate	future	parental	investment	have	been	
especially	well-studied	in	birds,	probably	because	many	birds	exhibit	elaborate	ornamental	
traits	and	provide	extensive	parental	care	to	their	offspring	(Cockburn	2006).	For	example,	
many	studies	in	temperate	species	have	shown	relationships	between	parental	investment	(i.e.	
higher	nestling-provisioning	rates	or	more	defensive	displays	at	the	nest	towards	predators)	
and	visual	traits,	such	as	structural	and	carotenoid-based	plumage	brightness	(e.g.	Hill	1991;	
Linville	et	al.	1998;	Casagrande	et	al.	2006;	Silva	et	al.	2008),	as	well	as	acoustic	traits,	such	as	
song	rate	(e.g.	Greig-Smith	1982;	Welling	et	al.	1997;	Hofstad	et	al.	2002;	Dolby	et	al.	2005)	and	
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song	complexity	(e.g.	Buchanan	and	Catchpole	2000;	Bartsch	et	al.	2015).	The	majority	of	these	
studies,	however,	have	been	conducted	in	temperate	species,	where	it	is	primarily	females	that	
assess	male	traits	prior	to	mate	selection	at	the	beginning	of	the	breeding	season.		
	 Remarkably	few	studies	have	investigated	the	importance	of	post-pairing	mate	
assessment	in	tropical	species,	many	of	which	have	prolonged	breeding	seasons,	defend	
territories	year-round,	and	form	long-term	pair	bonds,	allowing	individuals	to	evaluate	the	
quality	of	their	breeding	partners	over	long	time	frames	outside	of	the	context	of	mate	
selection	(Stutchbury	and	Morton	2001;	Wachtmeister	2001).	For	instance,	both	males	and	
females	may	assess	traits	that	indicate	the	level	of	parental	investment	their	partners	will	
provide	after	pairing,	thereby	allowing	individuals	to	adjust	their	own	level	of	parental	
investment	over	the	course	of	a	prolonged	breeding	season,	as	well	as	make	future	decisions	
related	to	partnership	divorce.	Additionally,	in	many	tropical	species,	both	males	and	females	
exhibit	highly	ornamented	traits,	such	as	elaborate	vocalizations	and	plumage	colouration,	yet	
few	studies	have	assessed	the	importance	of	post-pairing	traits	in	both	male	and	female	
animals.	For	example,	female	song	is	an	ancestral	trait	in	songbirds,	occurs	in	a	diverse	group	of	
avian	families,	and	is	much	more	common	than	previously	thought	(Odom	et	al.	2014),	
highlighting	the	need	to	investigate	the	functions	of	acoustic	post-pairing	displays	in	avian	
species	where	both	sexes	sing.		
	 In	many	animals,	particularly	in	the	tropics,	mated	pairs	combine	their	vocalizations	into	
coordinated	vocal	duets	by	overlapping	their	vocalizations	or	alternating	their	vocalizations	in	
rapid	succession	(Farabaugh	1982;	Hall	2004;	Tobias	et	al.	2016).	Once	considered	a	rare	
behaviour,	duetting	is	now	known	to	occur	across	a	wide	range	of	animal	taxa,	including	
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primates	(Geissman	2002;	Caselli	et	al.	2015),	anurans	(Emerson	and	Boyd	1999),	cetaceans	
(Lilly	and	Miller	1961),	insects	(Bailey	2003),	bats	(Carter	et	al.	2008),	and	many	species	of	birds	
(Farabaugh	1982;	Hall	2004).	In	birds,	duetting	is	present	across	49%	of	avian	families	and	in	as	
many	as	16%	of	all	bird	species,	primarily	in	the	tropics	(Tobias	et	al.	2016).	Across	species,	
there	is	evidence	that	duets	function	in	joint	territory	defense	(reviewed	in	Dahlin	and	Benedict	
2014),	acoustic	mate	guarding	(Rogers	et	al.	2007;	Tobias	and	Seddon	2009),	and	maintaining	
contact	in	dense	habitats	(Logue	2007;	Mennill	and	Vehrencamp	2008).		
	 One	longstanding	but	poorly-studied	hypothesis	for	the	function	of	vocal	duets	is	the	
Signalling	Commitment	Hypothesis,	which	states	that	the	effort	required	to	create	coordinated	
duets	with	a	breeding	partner	requires	a	learning	period	and	is	therefore	a	reflection	of	pair	
bond	strength	(Wickler	1980).	An	interesting	alternative	interpretation	of	this	hypothesis	is	that	
duetting	behaviour	can	signal	commitment	to	a	monogamous	partnership,	such	as	willingness	
or	ability	to	invest	effort	into	partnership	aspects	such	as	territory	defense	or	parental	
investment	(Hall	2004).	Under	the	Signalling	Commitment	Hypothesis,	an	individual’s	duetting	
behaviour	–	for	example,	their	propensity	to	answer	a	partner’s	song	to	create	a	duet	–	should	
provide	an	honest	indication	about	the	quality	of	the	partner	and	the	willingness	or	ability	to	
invest	effort	to	future	reproduction	(Hall	2004).	Duetting	is	common	among	socially	
monogamous	bird	species	with	year-round	territoriality	and	long	term	pair	bonds,	and	is	an	
acoustic	post-pairing	display	that	occurs	throughout	the	year	in	many	species	(e.g.	Topp	and	
Mennill	2008;	Benedict	2010;	Tobias	et	al.	2016).	As	such,	duetting	birds	represent	a	special	
opportunity	to	investigate	the	importance	of	elaborate	post-pairing	displays	that	could	function	
in	mate	assessment	and	signalling	commitment	to	long-term	partnerships,	potentially	by	
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providing	an	indication	of	future	parental	investment.	No	study	to	date	has	directly	assessed	
the	relationship	between	singing	behaviour	and	future	parental	investment	in	a	duetting	
species,	and	whether	or	not	duetting	behaviour	is	a	post-pairing	display	involved	in	mate	
assessment	by	both	males	and	females,	as	has	been	shown	for	male	song	in	temperate	species	
(e.g.	Greig-Smith	1982;	Buchanan	and	Catchpole	2000).		
	 In	this	study,	we	tested	the	Signalling	Commitment	Hypothesis	in	a	tropical	duetting	
songbird:	the	Rufous-and-white	Wren	(Thryophilus	rufalbus).	We	quantified	three	aspects	of	
singing	behaviour	during	the	pre-breeding	season:	(1)	the	number	of	duets	that	a	bird	created	
(i.e.	the	number	of	songs	they	sang	in	response	to	their	partner,	turning	their	partner’s	song	
into	a	duet),	(2)	the	proportion	of	partner	songs	answered	to	create	a	duet,	and	(3)	the	number	
of	independent	songs	(i.e.	songs	sung	as	solos,	or	the	first	part	of	duets	before	a	partner	
responded).	We	then	quantified	two	aspects	of	parental	behaviour	during	the	nest-building	and	
nestling-provisioning	stages	of	the	breeding	season:	(1)	nest	trip	rate	and	(2)	relative	parental	
effort.	We	tested	the	Signalling	Commitment	Hypothesis	by	assessing	(1)	the	relationship	
between	an	individual’s	singing	behaviour	and	its	own	level	of	parental	investment,	and	(2)	the	
relationship	between	a	partner’s	singing	behaviour	and	the	individual’s	level	of	parental	
investment.	Duet	rates	and	the	proportion	of	partner	songs	answered	to	create	duets	(i.e.	duet	
responsiveness)	have	been	suggested	to	be	important	indicators	of	partnership	commitment	in	
duetting	species	(Hall	2004).	Similarly,	male	song	rates	have	been	shown	to	correlate	with	
future	parental	investment	in	some	temperate	songbird	species	(e.g.	Greig-Smith	1982;	Welling	
et	al.	1997),	and	could	function	similarly	in	both	male	and	female	Rufous-and-white	Wrens.	In	
accordance	with	the	Signalling	Commitment	Hypothesis,	we	predicted	that	there	would	be	a	
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positive	relationship	between	an	individual’s	singing	behaviour	in	the	pre-breeding	season	and	
its	own	parental	investment,	whereby	birds	that	sang	more	duets	with	their	partner	in	the	pre-
breeding	season	would	signal	their	commitment	to	providing	greater	parental	investment	
during	the	nest-building	and	nestling-provisioning	breeding	stages.	Consequently,	we	predicted	
that	there	would	be	a	positive	relationship	between	an	individual’s	parental	investment	and	the	
singing	behaviour	of	its	partner,	whereby	individuals	with	partners	that	sang	more	songs	and	
created	more	duets	with	them	would	elicit	greater	parental	investment	from	that	individual.	
Additionally,	we	assessed	the	relationships	between	male	and	female	parental	investment	
within	pairs	during	nest-building	and	nestling-provisioning,	and	predicted	that	nest-building	and	
nestling-provisioning	rates	would	be	correlated	between	breeding	partners.	
Methods	
Study	species	and	general	field	methods	
	 We	studied	a	colour-banded	population	of	Rufous-and-white	Wrens	during	five	years	
between	2009	and	2016	(2009-2010,	2012-2013,	and	2016).	This	study	is	part	of	a	long-term	
investigation	of	this	population,	located	in	Sector	Santa	Rosa	of	the	Area	de	Conservácion	
Guanacaste	in	northwestern	Costa	Rica	(10°51’N,	85°36’W).	Each	year,	we	captured	birds	using	
mist	nets	and	gave	each	individual	a	unique	combination	of	three	coloured	bands	and	one	
numbered	aluminum	band	to	facilitate	identification	in	the	field.	Across	the	five	years	of	the	
investigation,	we	monitored	a	total	of	95	birds	(46	males	and	49	females)	from	57	unique	pairs.	
We	were	unable	to	sample	each	of	these	pairs	during	both	breeding	stages	(15/57	pairs	were	
observed	during	both	breeding	stages),	but	we	sampled	the	singing	behaviour	and	parental	
	 58	
investment	during	at	least	one	breeding	stage	for	each	pair.	We	observed	38	pairs	during	the	
nest-building	stage	and	35	pairs	during	the	nestling-provisioning	stage,	and	13	birds	were	
observed	as	a	member	of	a	partnership	with	different	partners	in	different	years.	Rufous-and-
white	Wrens	are	socially	monogamous,	duetting	songbirds	that	form	long-term	pair	bonds	and	
defend	territories	year-round	(Mennill	and	Vehrencamp	2005;	Douglas	et	al.	2012).	Both	males	
and	females	answer	each	other’s	songs	to	create	duets,	and	both	sexes	contribute	to	parental	
activities	by	helping	to	build	nests	and	provision	offspring,	although	only	females	incubate	the	
eggs	and	brood	the	young	(Mennill	and	Vehrencamp	2005;	Topp	and	Mennill	2008).	We	studied	
birds	each	year	from	early-April	to	late-June,	a	time	that	coincides	with	the	end	of	the	dry	pre-
breeding	season	and	the	beginning	of	the	wet	breeding	season	(i.e.	after	the	first	large	rainfall	
of	the	year;	Topp	and	Mennill	2008).	For	all	territorial	pairs,	we	defined	social	breeding	partners	
as	birds	that	sang	and	duetted	with	each	other	on	a	nesting	territory	prior	to	breeding,	and	
together	built	nests	and	provisioned	offspring	during	the	breeding	season.	
Acoustic	recordings	and	sound	analysis	
	 We	obtained	recordings	of	each	pair	in	our	study	during	the	pre-breeding	season	before	
nest-building	and	nestling-provisioning	had	begun	(typically	from	early-April	until	mid-May).	We	
collected	a	total	of	327	hours	of	recordings	(average	of	5.5	±	1.8	recording	hours	per	pair).	We	
recorded	47	out	of	57	pairs	(82%)	during	at	least	two	recording	sessions,	and	we	recorded	every	
pair	for	a	minimum	of	1	hour.	We	collected	most	recordings	during	1-2	hour	focal	recording	
sessions	during	the	dawn	chorus,	wherein	a	recordist	followed	pairs	around	their	territories	and	
dictated	the	identity	of	the	singer	into	the	recorder	after	each	song	(sexes	were	differentiated	
using	unique	colour-band	combinations	and	frequency	differences	between	male	and	female	
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songs;	Mennill	and	Vehrencamp	2005).	We	collected	these	recordings	using	a	directional	
shotgun	microphone	(Sennheiser	ME66/ME67/MKH70)	attached	to	a	solid-state	digital	
recorder	(Marantz	PMD-660/PMD-661/PMD-670).	For	several	pairs,	we	supplemented	our	focal	
recordings	using	automated	digital	recorders	(Wildlife	Acoustics	Song	Meter	SM2,	or,	in	2009,	
custom-made	autonomous	recorders	made	up	of	Marantz	PMD660	recorders	and	Sennheiser	
ME62	microphones;	details	in	Mennill	2014).	For	these	recordings,	we	were	confident	in	the	
identity	of	each	singer	because	we	placed	the	recorder	in	the	centre	of	the	territory,	ensuring	
we	only	obtained	songs	from	the	focal	pair.	We	collected	all	recordings	used	for	analysis	in	this	
study	between	0500	and	0900h,	a	time	that	coincides	with	the	period	of	highest	singing	activity	
for	Rufous-and-white	Wrens	at	our	study	site	(Mennill	and	Vehrencamp	2005).		
	 We	analyzed	the	singing	behaviour	of	focal	pairs	by	visualizing	spectrograms	of	our	
recordings	using	Syrinx-PC	sound	analysis	software	(John	Burt,	Seattle,	WA).	We	categorized	
vocalizations	based	on	the	sex	of	the	bird	producing	each	vocalization,	and	whether	it	was	a	
solo	song	or	a	song	that	was	part	of	a	duet.	Following	Mennill	and	Vehrencamp	(2005),	we	
classified	a	song	as	part	of	a	duet	if	it	overlapped	a	partner’s	song,	or	was	sung	≤	1.0s	after	a	
partner’s	song.	We	classified	each	duet	as	either	male-created	(i.e.	the	male	sang	the	second	
song,	thereby	turning	the	female’s	song	into	a	duet)	or	female-created	(i.e.	the	female	sang	the	
second	song,	thereby	turning	the	male’s	song	into	a	duet).	We	classified	a	song	as	a	solo	if	it	
was	sung	independently	from	the	partner	(i.e.	greater	than	1.0s	before	or	after	a	partner’s	
song).	We	then	calculated	three	acoustic	measurements:	(1)	independent	song	rate	(the	
number	of	songs	sung	independently	of	a	bird’s	partner,	i.e.	solo	songs	plus	duets	where	the	
bird	sang	the	first	component,	divided	by	the	total	number	of	recording	hours);	(2)	duet	rate	
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(the	number	of	duets	created	by	the	bird,	divided	by	the	total	number	of	recording	hours);	and	
(3)	duet	responsiveness	(the	proportion	of	independent	songs	sung	by	a	bird’s	partner	which	an	
individual	sang	in	response	to	create	a	duet).	As	in	Topp	and	Mennill	(2008),	we	calculated	male	
duet	responsiveness	as	the	number	of	male-created	duets	divided	by	independent	female	
songs,	and	female	duet	responsiveness	as	the	number	of	female-created	duets	divided	by	the	
number	of	independent	male	songs.		
Quantifying	parental	investment	
	 To	measure	the	parental	investment	of	focal	birds,	we	conducted	detailed	observations	
of	birds	at	their	nests	during	both	the	nest-building	stage	(n	=	41	watches	on	38	pairs)	and	
nestling-provisioning	stage	(n	=	58	watches	on	35	pairs).	During	these	observation	sessions,	an	
observer	sat	in	a	concealed	position	15-20m	away	from	the	nest	and	quietly	recorded	the	
identity	of	each	bird	when	it	made	a	trip	to	the	nest	with	nesting	material	or	food.	We	observed	
1175	nest	trips	during	nest-building	watches	and	595	nest	trips	during	nestling-provisioning	
watches	for	a	total	of	1770	trips	across	both	breeding	stages.	We	defined	a	nest	trip	as	an	
instance	where	a	bird	went	completely	inside	of	the	nest	(or	early	nest	structure)	with	nesting	
material	or	food.	On	rare	occasions,	we	were	unable	to	differentiate	between	the	male	and	the	
female	as	they	entered	the	nest,	due	to	the	high	density	of	obstructive	vegetation	at	our	study	
site.	These	observations	accounted	for	4.5%	of	all	trip	observations	(3.7%	of	nest-building	trips	
and	6.1%	of	nestling-provisioning	observations);	we	excluded	these	observations	from	our	
analyses.	Within	each	year,	we	observed	each	pair	during	both	breeding	stages	when	possible	
(n	=	15;	26%	of	all	pairs),	but	were	unable	to	do	so	for	most	pairs	due	to	high	nest	predation	
rates	at	our	study	site	(Douglas	et	al.	2012).	There	were	several	instances	where	a	male	arrived	
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at	the	nest	with	food	but	the	female	was	inside	the	nest	brooding	the	nestlings,	or	where	birds	
did	not	bring	new	building	material	to	the	nest	but	went	inside	to	improve	the	structure;	we	
included	these	events	with	the	other	nest	trips.		
	 During	the	nest-building	stage,	we	conducted	a	minimum	of	one	60-minute	nest	watch	
for	each	pair,	with	some	watches	spanning	90	or	120	minutes	(average	of	68.1	±	2.7	minutes	
per	watch	and	73.4	±	4.2	watch	minutes	per	pair).	We	conducted	at	least	one	nest	watch	for	
every	pair,	and	conducted	watches	on	multiple	days	for	several	pairs	(3/38	pairs).	Birds	in	our	
study	population	build	conspicuous	domed	nests	primarily	in	bullhorn	acacia	trees	(Vachellia	
collinsii)	2-10	m	off	the	ground;	these	trees	are	relatively	scarce	in	the	more	mature	evergreen	
sections	of	the	study	site	where	Rufous-and-white	Wrens	breed,	making	them	easy	to	locate	
during	nest-building.	During	the	nestling-provisioning	stage,	we	conducted	a	minimum	of	one	
60-minute	nest	watch	for	each	pair	(average	of	72.4	±	3.9	minutes	per	watch	and	93.5	±	9.9	
watch	minutes	per	pair),	and	conducted	multiple	watches	for	14	of	35	pairs	(40%).	Due	to	the	
fact	that	the	timing	of	these	watches	was	not	standardized	across	years,	we	later	divided	
nestling-provisioning	nest-watches	into	three	provisioning	periods:	“early	nestling-provisioning”	
watches	were	those	when	nestlings	were	1-4	days	old,	“middle	nestling-provisioning”	watches	
were	those	when	nestlings	were	5-9	days	old,	and	“late	nestling-provisioning”	watches	were	
those	when	nestlings	were	10+	days	old	(nestlings	appear	to	fledge	around	day	16;	D.	Mennill	
pers.	obs.).	We	determined	the	ages	of	nestlings	by	periodically	checking	inside	nests	and	
assessing	nestling	features	throughout	the	breeding	season,	or,	for	nests	that	were	too	difficult	
to	reach,	by	forward-dating	from	our	best	estimate	of	clutch	initiation	date.	We	conducted	a	
minimum	of	one	60-minute	nest	watch	for	all	pairs	during	at	least	one	provisioning	period,	
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across	two	periods	for	14	pairs	(40%),	and	across	all	three	periods	for	5	pairs	(14%).	In	total,	we	
conducted	18	nest	watches	on	17	pairs	during	the	early	provisioning	period	(67.5	±	10.2	
minutes	per	watch	and	71.5	±	14.8	watch	minutes	per	pair),	24	nest	watches	on	22	pairs	during	
the	middle	provisioning	period	(73.7	±	15.7	minutes	per	watch	and	80.4	±	23.5	watch	minutes	
per	pair),	and	16	watches	on	13	pairs	during	the	late	provisioning	period	(75.8	±	6.8	minutes	per	
watch	and	91.8	±	21.4	watch	minutes	per	pair).		
	 From	our	field	observations,	we	calculated	two	measures	of	parental	investment:	(1)	
nest	trip	rate	(i.e.	the	number	of	trips	to	the	nest	with	building	material	or	food	made	by	the	
bird	divided	by	the	number	of	nest	watch	hours),	and	(2)	relative	parental	effort	(i.e.	the	
proportion	of	trips	made	to	the	nest	made	by	a	bird	relative	to	the	total	number	of	trips	made	
by	the	pair).	We	then	created	four	variables	to	be	used	for	analyses	for	both	males	and	females:	
(1)	nest-building	trip	rate,	(2)	relative	nest-building	effort,	(3)	nestling-provisioning	trip	rate,	
and	(4)	relative	nestling-provisioning	effort.		
Statistical	analysis	
	 To	analyze	differences	in	nest	trip	rates	between	sexes	across	breeding	stages	and	
provisioning	periods,	and	the	relationship	between	an	individual’s	nest	trip	rate	and	that	of	its	
breeding	partner,	we	created	Linear	Mixed	Models	(LMM)	using	the	lme4	package	(Bates	et	al.	
2015)	in	R	(version	3.2.3,	R	Core	Team,	2016).	For	both	breeding	stages,	we	created	a	model	
with	number	of	trips	to	the	nest	as	the	response	variable.	In	both	models,	we	assigned	sex	(two	
levels:	male	and	female),	provisioning	period	(three	levels:	early,	middle,	and	late),	and	partner	
nest	trip	rate	as	fixed	predictor	variables,	and	included	pair	id	as	a	random	effect	to	account	for	
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repeated	sampling	of	pairs.	We	did	not	control	for	the	effect	of	brood	size	in	these	models	
because	(1)	we	were	unable	to	determine	the	brood	size	for	9	pairs	in	our	study	due	to	
extremely	high	nests,	(2)	there	was	relatively	little	variation	in	brood	size	among	the	pairs	we	
sampled	(85%	of	pairs	had	either	3	or	4	nestlings),	and	(3)	including	brood	size	in	the	models	
did	not	change	our	results,	but	did	reduce	the	overall	power	of	the	model	due	to	the	reduction	
in	sample	size.	
	 To	analyze	differences	in	relative	parental	effort	between	sexes	across	breeding	stages	
and	nestling-provisioning	periods,	we	used	two-tailed	T-tests	in	JMP	(v12.0;	SAS	Institute,	Cary,	
NC).	First,	within	the	nest-building	stage,	we	tested	for	differences	in	relative	building	effort	
between	the	sexes.	Second,	within	the	nestling-provisioning	stage,	we	tested	for	differences	in	
relative	provisioning	effort	between	sexes,	and	within	each	sex	across	nestling-provisioning	
periods.	We	assessed	the	distribution	of	all	response	variables	prior	to	analyses	to	ensure	that	
assumptions	of	normality	were	met.	
	 To	analyze	the	relationship	between	singing	behaviour	and	parental	investment,	we	
created	Generalized	Linear	Mixed	Models	(GLMM)	using	the	lme4	package	(Bates	et	al.	2015)	in	
R	(version	3.2.3,	R	Core	Team,	2016).	This	allowed	us	to	account	for	non-normality	in	our	
response	variables,	and	for	a	non-balanced	design	in	our	data	(i.e.	because	we	were	unable	to	
sample	all	pairs	across	all	breeding	stages	and	provisioning	periods;	Bolker	et	al.	2008).	We	
created	four	models	in	each	breeding	stage	(i.e.	nest	building	and	nestling-provisioning)	for	a	
total	of	eight	models,	and	we	used	a	Laplace	approximation	method.	Within	each	breeding	
stage,	we	created	two	models	with	number	of	trips	to	the	nest	and	relative	parental	effort	as	
	 64	
the	continuous	response	variables.	For	our	trip	rate	models,	we	used	a	Poisson	error	
distribution,	and	included	the	number	of	watch	hours	as	an	offset	argument	to	convert	this	
variable	into	a	rate.	For	our	relative	parental	effort	models,	we	used	a	Binomial	error	
distribution,	and	included	the	total	number	of	trips	as	a	weight	argument.	In	all	models,	we	
assigned	independent	song	rate,	partner	independent	song	rate,	duet	rate,	and	partner	duet	
rate	as	continuous	predictors,	and	assigned	individual	and	pair	identification	as	random	effects	
to	account	for	variation	in	individual	behaviour	and	repeated	sampling	of	pairs.	We	did	not	
include	duet	responsiveness	as	a	predictor	variable	in	our	models	because	(1)	some	females	did	
not	sing	at	all,	meaning	that	their	male	breeding	partners	had	no	chance	to	create	duets	with	
them	and	thus	our	sample	size	would	be	reduced,	and	(2)	duet	rate	and	duet	responsiveness	
were	highly	correlated,	meaning	that	we	could	include	duet	rate	in	our	models	as	a	proxy	for	
duet	responsiveness.		
Results	
Parental	investment	
	 Male	and	female	Rufous-and-white	Wrens	contributed	nearly	equal	effort	to	building	
nests.	Parents	of	each	sex	made	trips	to	the	nest	with	building	material	at	similar	rates	(males:	
13.2	±	1.6	trips	per	hour,	females:	11.6	±	1.3	trips	per	hour;	LMM:	estimate	=	0.16	±	0.51,	t	=	
0.32,	p	=	0.75)	and,	proportionately,	contributed	similar	relative	nest-building	effort	(Figure	1;	
T-test:	t80	=	0.86,	p	=	0.39).	There	was	a	significant	positive	correlation	between	the	nest-
building	trip	rates	of	breeding	partners	(Figure	3;	LMM:	estimate	=	0.88	±	0.05,	t	=	16.6,	p	<	
0.0001).	There	was	considerable	variation	among	males	and	females	in	both	nest-building	trip	
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rates	(males:	coefficient	of	variation	(CV)	=	75.8%;	females:	CV	=	68.7%)	and	relative	nest-
building	effort	(males:	CV	=	51.1%;	females:	CV	=	54.3%),	and	this	variability	was	similar	
between	sexes.		
In	contrast	to	nest-building,	parental	investment	during	the	nestling-provisioning	stage	
was	heavily	female-biased.	Females	provisioned	nestlings	at	significantly	higher	rates	than	
males	overall	(males:	2.98	±	0.78	trips	per	hour,	coefficient	of	variation	(CV)	=	129.8%;	females:	
4.69	±	0.79	trips	per	hour,	CV	=	65.7%;	LMM:	estimate	=	-2.15	±	0.57,	t	=	4.01,	p	=	0.0001),	and	
in	all	three	provisioning	periods	(early	provisioning:	Figure	2;	estimate	=		2.15	±	0.54,	t	=	4.01,	p	
=	0.001;	middle	provisioning:	Figure	2;	estimate	=		2.15	±	0.54,	t	=	4.01,	p	=	0.001;	late	
provisioning:	Figure	2;	estimate	=		2.15	±	0.54,	t	=	4.01,	p	=	0.001).	The	low	values	and	high	
variation	in	male	nestling-provisioning	rates	was	driven	in-part	by	several	males	that	did	not	
provision	nestlings	at	all	during	our	watches	(10	out	of	35	males,	28%).	We	did	not	find	a	
significant	effect	of	provisioning	period	on	nestling-provisioning	trip	rates	(middle	period:	
estimate	=	0.02	±	0.60,	t	=	0.03,	p	=	0.98;	late	period:	estimate	=	1.22	±	0.68,	t	=	1.80,	p	=	0.07),	
but	there	was	a	non-significant	tendency	for	both	sexes	to	provision	nestlings	at	higher	rates	
during	the	late	provisioning	period	(Figure	2).	There	was	a	non-significant	positive	correlation	
between	the	nestling-provisioning	rates	of	breeding	partners	(Figure	4;	LMM:	estimate	=	0.16	±	
0.09,	t	=	1.74,	p	=	0.08).		
Similarly,	females	contributed	significantly	greater	relative	nestling-provisioning	effort	
than	males	overall	(Figure	1;	males:	CV	=	81.1%;	females:	CV	=	42.9%;	T-test:	t34	=	3.70,	p	=	
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0.0008),	and	during	all	three	provisioning	periods	(Figure	1;	early:	T-test:	t34	=	3.70,	df	=	34,	p	=	
0.0008;	middle:	T-test:	t46	=	3.01,	p	=	0.004;	late:	T-test:	t30	=	4.94,	p	<	0.0001).		
	Singing	versus	parental	investment	during	nest-building		
	 We	found	no	significant	relationships	between	singing	behaviour	in	the	pre-breeding	
season	and	parental	investment	during	the	nest-building	stage	for	either	sex	(Table	1).	For	
males,	independent	song	rate	(GLMM:	estimate	=	-0.004	±	0.004,	z	=	-0.99,	p	=	0.32),	partner	
independent	song	rate	(estimate	=	0.032	±	0.04,	z	=	0.82,	p	=	0.41),	duet	rate	(estimate	=	0.04	±	
0.21,	z	=	0.16,	p	=	0.87),	and	partner	duet	rate	(estimate	=	0.04	±	0.08,	z	=	0.44,	p	=	0.66)	were	
not	significant	predictors	of	male	nest-building	rate	(Table	1).	Similarly,	independent	song	rate	
(GLMM:	estimate	=	-0.005	±	0.01,	z	=	-0.87,	p	=	0.38),	partner	independent	song	rate,	(estimate	
=	0.02	±	0.05,	z	=	0.38,	p	=	0.70),	duet	rate	(estimate	=	-0.21	±	0.26,	z	=	-0.82,	p	=	0.42),	and	
partner	duet	rate	(estimate	=	0.05	±	0.10,	z	=	0.48,	p	=	0.63)	were	not	significant	predictors	of	
relative	nest-building	effort	(Table	1).	Females	followed	an	identical	pattern	to	males;	
Independent	song	rate	(GLMM:	estimate	=	0.02	±	0.03,	z	=	0.59,	p	=	0.56,	n	=	41	observations	
on	38	females),	partner	independent	song	rate	(estimate	=	0.001	±	0.004,	z	=	0.41,	p	=	0.69),	
duet	rate	(estimate	=	0.04	±		0.08,	z	=	0.49,	p	=	0.49),	and	partner	duet	rate	(estimate	=	0.21	±	
0.16,	z	=	1.34,	p	=	0.18)	were	not	significant	predictors	of	female	nest-building	trip	rate	(Table	
2).	Similarly,	independent	song	rate	(estimate	=	-0.03	±	0.05,	z	=	-0.66,	p	=	0.51),	partner	
independent	song	rate	(estimate	=	0.003	±	0.01,	z	=	0.59,	p	=	0.56),	duet	rate	(estimate	=	-0.06	±	
0.12,	z	=	-0.48,	p	=	0.63),	and	partner	duet	rate	(estimate	=	0.36	±	0.33,	z	=	1.10,	p	=	0.27)	were	
not	significant	predictors	of	relative	nest-building	effort	(Table	2).	
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Singing	versus	parental	investment	during	nestling-provisioning		
	 For	males,	we	found	no	relationships	between	singing	behaviour	or	partner	singing	
behaviour	and	parental	investment	during	the	nestling-provisioning	stage.	Independent	song	
rate	(estimate	=	-0.005	±	0.006,	z	=	-0.88,	p	=	0.38),	partner	independent	song	rate	(estimate	=	-
0.06	±	0.05,	z	=	-1.30,	p	=	0.20)	duet	rate	(estimate	=	0.18	±	0.18,	z	=	0.99,	p	=	0.32)	and	partner	
duet	rate	(estimate	=	-0.12	±	0.09,	z	=	-1.39,	p	=	0.16)	were	not	significant	predictors	of	male	
nestling-provisioning	trip	rate	(Table	1).	Similarly,	independent	song	rate	(GLMM:	estimate	=	-
0.012	±	0.007,	z	=	-1.85,	p	=	0.06),	partner	independent	song	rate	(estimate	=	-0.08	±	0.05,	z	=	-
1.46,	p	=	0.14),	duet	rate	(estimate	=	0.27	±	0.22,	z	=	1.26,	p	=	0.21),	and	partner	duet	rate	
(estimate	=	-0.12	±	0.10,	z	=	-1.24,	p	=	0.21)	were	not	significant	predictors	of	male	relative	
nestling-provisioning	effort	(Table	1).	Similarly,	in	females,	independent	song	rate	(estimate	=	
0.01	±	0.02,	z	=	0.71,	p	=	0.48),	partner	independent	song	rate	(0.003	±	0.003,	z	=	1.13,	p	=	
0.26),	duet	rate	(-0.03	±	0.03,	z	=	-0.89,	p	=	0.37),	and	partner	duet	rate	(estimate	=	-0.02	±	0.08,	
z	=	-0.30,	p	=	0.77)	were	not	significant	predictors	of	female	nestling-provisioning	trip	rate	
(Table	2).	Similarly,	independent	song	rate	(estimate	=	0.03	±	0.04,	z	=	0.74,	p	=	0.46),	partner	
independent	song	rate	(estimate	=	0.01	±	0.007,	z	=	1.39,	p	=	0.17),	duet	rate	(0.08	±	0.10,	z	=	
0.78,	p	=	0.44),	and	partner	duet	rate	(-0.06	±	0.19,	z	=	-0.31,	p	=	0.76)	were	not	significant	
predictors	of	female	relative	nestling-provisioning	effort	(Table	2).		
Discussion	
	 We	found	no	support	for	the	Signalling	Commitment	Hypothesis	in	Rufous-and-white	
Wrens.	Five	years	of	data	revealed	that,	in	both	males	and	females,	duetting	behaviour	does	
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not	predict	subsequent	parental	investment	during	the	breeding	season.	During	both	the	nest-
building	and	nestling-provisioning	stages,	birds	that	created	more	duets	with	their	breeding	
partner	did	not	bring	building	material	or	food	to	the	nest	at	higher	rates,	and	did	not	increase	
their	relative	parental	effort	by	carrying	out	a	higher	proportion	of	trips	to	the	nest.	
Consequently,	we	found	no	relationships	between	parental	investment	and	partner	singing	
behaviour,	as	birds	did	not	adjust	their	own	level	of	parental	investment	in	response	to	the	
singing	behaviour	of	their	partners.	However,	we	found	that	nest-building	trip	rates	were	
positively	correlated	between	the	sexes,	indicating	that	birds	may	use	other	signals	to	assess	
the	parental	quality	of	their	breeding	partners	or	increase	their	nest-building	effort	in	response	
to	their	partner’s	behaviour.	Overall,	our	results	suggest	that	Rufous-and-white	Wren	do	not	
use	duets	to	signal	their	willingness	or	ability	to	provide	parental	investment,	and	therefore	
that	duets	likely	do	not	function	as	post-pairing	displays	of	parental	commitment	in	this	species.	
Duetting	behaviour	and	signalling	parental	investment		
	 To	our	knowledge,	this	study	is	among	the	first	to	investigate	how	duetting	behaviour	
relates	to	future	parental	investment	in	a	monogamous	bird	species,	and	the	first	to	do	so	in	a	
wild	population.	A	recent	study	of	captive	Zebra	Finches	(Taeniopygia	guttata)	found	that	
structural	components	of	nest-site	call	duets	contained	information	about	future	incubation	
bout	length,	where	duets	were	used	to	negotiate	incubation	investment	between	pair	
members	after	foraging	trips	(Boucaud	et	al.	2015).	However,	no	study	to	date	has	investigated	
how	duetting	behaviour	relates	to	parental	investment	(i.e.	nest	building	and	nestling-
provisioning)	in	a	natural	context.	Here,	we	found	that	Rufous-and-white	Wrens	duets	do	not	
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signal	willingness	or	ability	to	provide	future	parental	investment,	and	so	do	not	appear	to	
function	as	signals	of	pair	bond	strength	in	the	context	of	parental	commitment.		
	 Although	our	results	are	consistent	with	the	idea	that	duets	do	not	signal	parental	
quality	in	Rufous-and-white	Wrens,	an	alternative	explanation	is	that	other	aspects	of	duetting	
behaviour	that	we	did	not	measure	were	better	indicators	of	parental	commitment	in	this	
species.	In	his	proposal	of	the	Signalling	Commitment	Hypothesis,	Wickler	(1980)	suggested	
that	duets	should	require	a	learning	period,	such	that	the	time	required	to	achieve	coordinated	
duets	with	a	partner	provides	a	mechanism	to	strengthen	the	pair	bond	and	dissuade	
individuals	from	leaving	their	partners.	In	Rufous-and-white	Wrens,	simply	answering	a	
partner’s	song	to	form	duets	appears	to	be	relatively	easy	to	achieve,	because	birds	sing	
loosely-coordinated	polyphonal	duets,	and	our	observations	suggest	that	new	pairs	are	able	to	
sing	duets	with	no	obvious	learning	period	involved	(Mennill	and	Vehrencamp	2005;	Mann	et	
al.	2009).	Therefore,	other	aspects	of	duetting	behaviour	that	we	did	not	measure	in	this	study,	
such	as	the	precision	in	answering	a	partner’s	songs	or	adherence	to	a	set	of	answering	rules	
(i.e.	a	duet	code),	could	require	greater	effort	to	achieve	and	therefore	provide	a	better	
indication	of	an	individual’s	parental	commitment	(Hall	2004;	Rivera-Cáceras	et	al.	2016).	For	
example,	individuals	that	are	faster	to	answer	their	partner’s	songs	may	signal	the	length	of	
their	partnership	and	therefore	their	commitment,	because	producing	coordinated	duets	
requires	a	learning	period	in	some	species	and	may	also	be	indicative	of	being	attentive	to	a	
breeding	partner	(Hall	2004;	Hall	and	Magrath	2007;	Logue	2007).	Similarly,	some	duetting	
species,	including	two	wren	species	closely	related	to	Rufous-and-white	Wrens,	adhere	to	a	
“duet-code”,	a	strict	set	of	answering	rules	whereby	individuals	consistently	answer	different	
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partner	songs	with	certain	song	types	to	form	consistent	duet	combinations	(e.g.	Logue	2006;	
Mann	et	al.	2009;	Rivera-Càceras	et	al.	2016).	In	species	which	exhibit	duet	codes,	correctly	
answering	a	partner’s	song	may	serve	as	a	signal	of	partnership	commitment,	especially	if	this	
ability	requires	time	to	learn	(Marshall-ball	et	al.	2006;	Templeton	et	al.	2013).	In	Canebrake	
Wrens	(Cantorchilus	zeledoni),	both	duet	precision	and	adhering	to	a	duet	code	requires	a	
learning	period,	such	that	birds	singing	precisely	timed	duets	that	closely	follow	the	correct	
answering	rules	with	a	partner	signal	longer	and	stronger	partnerships	(Rivera-Cáceras	et	al.	
2016).	Preliminary	work	from	our	lab	suggests	that	Rufous-and-white	Wrens	may	also	adhere	to	
a	duet	code	(Osmun	2011),	and	future	work	in	this	species	should	investigate	whether	duet	
code	adherence	or	duet	precision	can	be	related	to	aspects	of	partnership	commitment	such	as	
parental	investment.	
	 A	second	explanation	for	our	results	is	that	behavioural	traits	unrelated	to	duetting	
serve	as	better	indicators	of	parental	investment	in	Rufous-and-white	Wrens.	During	both	the	
nest-building	and	nestling-provisioning	stages,	nest	trip	rates	were	positively	correlated	
between	breeding	partners.	This	indicates	that	Rufous-and-white	Wrens	may	use	other	
phenotypic	traits	to	assess	the	parental	quality	of	their	partners,	or	that	individuals	adjust	their	
own	levels	of	parental	investment	by	assessing	the	parental	behaviour	of	their	partners	around	
the	nest.	If	this	latter	interpretation	is	correct,	our	results	indicate	that	birds	may	evaluate	the	
parental	quality	of	their	partners	by	observing	their	behaviour	around	the	nest	during	the	
breeding	season,	and	may	use	this	information	to	adjust	their	own	level	of	investment.	Our	
results	are	similar	to	those	found	in	Buff-breasted	Wrens	(Thryothorus	leucotis),	a	closely-
related	species	of	duetting	wren	wherein	both	nest-building	and	provisioning-trip	rates	were	
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significantly	correlated	between	breeding	partners	(Gill	and	Stutchbury	2005).	In	this	species,	
the	rate	at	which	males	built	secondary	roosting	nests	was	positively	related	to	nestling-
provisioning	rates	and	female	survival,	suggesting	that	females	could	gain	fitness	benefits	by	
assessing	male	nest-building	behaviour	(Gill	and	Stutchbury	2005).	In	Rufous-and-white	Wrens,	
males	also	build	secondary	breeding	nests	that	can	be	used	for	subsequent	breeding	attempts	
(although	they	do	not	appear	to	initiate	this	type	of	nest	until	after	the	first	breeding	attempt	is	
underway),	suggesting	that	similar	nest-building	displays	could	occur	in	this	species.	We	were	
unable	to	assess	similar	relationships	in	our	study	due	to	the	low	number	of	pairs	for	which	we	
were	able	to	collect	both	nest-building	and	nestling-provisioning	data	for,	but	preliminary	
analysis	reveals	that	similar	mechanisms	could	occur	in	Rufous-and-white	Wrens.	Although	
many	acoustic	and	physical	traits	have	been	shown	to	accurately	predict	the	parental	quality	of	
males	in	many	temperate	species	(e.g.	Greig-Smith	1982),	many	more	studies	are	needed	in	
tropical	duetting	species	to	assess	the	importance	of	post-pairing	traits	in	long-term	mate	
assessment,	such	as	duetting	and	nest-building	displays	(Wachtmeister	2001;	Gill	and	
Stutchbury	2005).		
	 A	final	explanation	for	our	results	is	that	duets	may	have	signalled	willingness	or	ability	
to	invest	effort	into	aspects	of	parental	investment	that	we	did	not	investigate	in	this	study.	We	
assumed	that	there	should	be	selection	in	Rufous-and-white	Wrens	for	increased	parental	
effort	during	nestling-provisioning	(i.e.	higher	feeding	rates),	because	this	would	result	in	
greater	offspring	survival	and	therefore	higher	reproductive	success	(e.g.	Eggert	et	al.	1998;	
Gubernick	and	Teferi	2000;	Møller	2000).	However,	in	areas	with	high	nest-predation	rates	such	
as	the	tropics,	parents	often	reduce	the	number	of	feeding	trips	they	make	to	the	nest	in	order	
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to	minimize	predation	risk	from	visual	predators	(Martin	et	al.	2000;	Eggers	et	al.	2005;	
Massaro	et	al.	2008;	Martin	et	al.	2011).	Therefore,	selection	for	higher	nestling	feeding	rates	
may	not	be	as	strong	for	birds	at	our	tropical	study	site,	where	the	threat	of	nest	predation	
from	mammalian	and	avian	predators	is	extremely	high	(Douglas	et	al.	2012).	Instead,	birds	
experiencing	high	levels	of	nest	predation	may	compensate	for	reduced	feeding	rates	by	
increasing	the	quantity	and	quality	of	food	items	brought	to	the	nest	during	each	feeding	trip	
(Martin	et	al.	2000),	something	we	were	unable	to	quantify	in	our	study.	Additionally,	we	did	
not	assess	post-fledging	juvenile	care,	which	occurs	for	longer	periods	in	tropical	species	and	is	
important	to	the	survival	of	offspring	(Russell	et	al.	2004;	Tarwater	and	Brown	2010).	In	Rufous-
and-white	Wrens,	juveniles	continue	to	be	cared	for	by	their	parents	for	at	least	6-8	weeks	after	
fledging	(Ahumada	2001),	and	this	is	likely	a	critical	period	for	young	birds	to	ensure	survival	
during	their	first	year	(particularly	during	their	first	dry	season	when	resources	are	limited).	
	 Our	results	suggest	that	in	Rufous-and-white	Wrens,	simply	answering	a	partner’s	song	
to	create	duets	primarily	serves	functions	unrelated	to	post-pairing	mate	assessment	and	
signalling	future	parental	investment.	Unlike	many	temperate	species,	in	which	positive	
associations	between	singing	behaviour	and	parental	investment	have	been	found	(e.g.	Greig-
Smith	1982;	Buchanan	and	Catchpole	2000),	Rufous-and-white	Wrens	are	tropical	songbirds	
that	hold	territories	year-round	and	have	prolonged	breeding	seasons	(Ahumada	2001).	As	
such,	there	is	greater	importance	for	them	to	ensure	access	to	ecological	resources	throughout	
the	year,	particularly	during	the	dry	season	when	ecological	resources	are	limited	(Ahumada	et	
al.	2001;	Stutchbury	and	Morton	2001).	Year-round	territoriality	appears	to	have	been	
important	for	the	evolution	of	avian	duets,	and	many	studies	have	demonstrated	the	role	of	
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duetting	in	territory	defense	behaviours	(Dahlin	and	Benedict	2014;	Logue	and	Hall	2014;	
Tobias	et	al.	2016).	In	Rufous-and-white	Wrens,	several	previous	studies	have	provided	
evidence	to	indicate	that	territory	defense	is	an	important	function	of	vocal	duets,	where	both	
males	and	females	sing	duets	at	high	rates	during	the	pre-breeding	period	when	food	resources	
are	limited,	increase	the	number	of	duets	they	sing	in	response	to	simulated	duetting	intruders,	
and	sing	duets	in	response	to	intruders	regardless	of	their	sex	or	paired	status	(Mennill	2006;	
Mennill	and	Vehrencamp	2008;	Topp	and	Mennill	2008).	Duets	also	appear	to	serve	other	
important	communication	functions	in	this	species,	such	as	to	maintain	contact	in	dense	habitat	
and	coordinate	breeding	activities	(Topp	and	Mennill	2008;	Mennill	and	Vehrencamp	2008).	
Although	previous	authors	have	suggested	that	duets	are	multi-functional	signals	(Mennill	and	
Vehrencamp	2008;	Benedict	2010;	Dahlin	and	Benedict	2014),	revealing	commitment	to	future	
parental	investment	does	not	appear	to	be	one	of	those	functions	in	Rufous-and-white	Wrens.		
Conclusion	
	 Our	results	do	not	support	the	Signalling	Commitment	Hypothesis	for	the	function	of	
acoustic	duets	in	Rufous-and-white	Wrens,	as	we	did	not	find	a	positive	association	between	
duetting	behaviour	and	subsequent	parental	investment	in	males	or	females.	In	both	sexes,	
birds	that	sang	more	independent	songs	(i.e.	initiated	more	duets)	and	created	more	duets	with	
their	partner	did	not	contribute	more	effort	to	nest-building	or	nestling-provisioning,	and	birds	
did	not	adjust	their	own	levels	of	parental	investment	in	response	to	the	singing	behaviour	of	
their	partners.	These	results	suggest	that	Rufous-and-white	Wrens	cannot	assess	the	duet	
responsiveness	of	their	breeding	partner	to	evaluate	their	parental	quality,	and	therefore	do	
not	adjust	their	own	level	of	parental	investment	in	response	to	these	acoustic	signals.	This	
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study	is	the	first	to	directly	investigate	the	relationship	between	singing	behaviour	and	future	
parental	investment	in	a	duetting	species,	and	among	one	of	the	only	studies	to	assess	the	
importance	of	an	acoustic	post-pairing	display	for	mate	assessment	in	both	males	and	females.	
Our	work	suggests	that	duetting	behaviour	is	potentially	unimportant	for	post-pairing	mate	
assessment	in	Rufous-and-white	Wrens,	and	therefore	provides	new	insight	into	the	functions	
of	acoustic	duets	across	species.	 	
	 75	
	Literature	cited	
Ahumada,	J.	(2001).	Comparison	of	the	reproductive	biology	of	two	neotropical	wrens	in	an	
unpredictable	environment	in	northeastern	Colombia.	The	Auk,	118,	191–210.	
Andersson,	M.	(1994).	Sexual	Selection.	Princeton	University	Press,	Princeton,	New	Jersey.		 	
Bailey,	W.J.	(2003).	Insect	duets:	Underlying	mechanisms	and	their	evolution.	Physiological	
Entomology,	28,	157–174.		
Baldauf,	S.A.,	Bakker,	T.C.M.,	Kullmann,	H.,	Thünken,	T.	(2011).	Female	nuptial	coloration	and	
its	adaptive	significance	in	a	mutual	mate	choice	system.	Behavioural	Ecology,	22,	478–485.		
Bartsch,	C.,	Weiss,	M.,	Kipper,	S.	(2015).	Multiple	song	features	are	related	to	paternal	effort	in	
common	nightingales.	BMC	Evolutionary	Biology,	15,	115.		
Bates,	D.,	Machler,	M.,	Bolker,	B.M.,	Walker,	S.	(2015).	Fitting	linear	mixed-effects	models	using	
lme4.	Journal	of	Statistical	Software,	35,	1215–1225.		
Benedict,	L.	(2010).	California	towhee	vocal	duets	are	multi-functional	signals	for	multiple	
receivers.	Behaviour,	147,	953–978.		
Bolker,	B.M.,	Brooks,	M.E.,	Clark,	C.J.,	Geange,	S.W.,	Poulsen,	J.R.,	Stevens,	M.H.H.,	White,	J-S.S.	
(2009).	Generalized	linear	mixed	models:	a	practical	guide	for	ecology	and	evolution.	
Trends	in	Ecology	and	Evolution,	24,	127–135.		
Boucaud,	I.C.A.,	Mariette,	M.M.,	Villain,	A.S.,	Vignal,	C.	(2015).	Vocal	negotiation	over	parental	
care?	Acoustic	communication	at	the	nest	predicts	partners’	incubation	share.	Biological	
Journal	of	the	Linnean	Society,	117,	322-336.	
Buchanan,	K.L.,	Catchpole,	C.K.	(2000).	Song	as	an	indicator	of	male	parental	effort	in	the	sedge	
warbler.	Proceedings:	Biological	Sciences,	267,	321–326.		
Carter,	G.G.,	Skowronski,	M.D.,	Faure,	P.A.,	and	Fenton,	B.	(2008).	Antiphonal	calling	allows	
individual	discrimination	in	white-winged	vampire	bats.	Animal	Behaviour,	76,	1343–1355.		
Casagrande,	S.,	Csermely,	D.,	Pini,	E.,	Bertacche,	V.,	and	Tagliavini,	J.	(2006).	Skin	carotenoid	
concentration	correlates	with	male	hunting	skill	and	territory	quality	in	the	kestrel	Falco	
tinnunculus.	Journal	of	Avian	Biology,	37,	190–196.		
Caselli,	C.B.,	Mennill,	D.J.,	Gestich,	C.C.,	Setz,	E.Z.F.,	César	Bicca-Marques,	J.	(2015).	Playback	
responses	of	socially	monogamous	black-fronted	titi	monkeys	to	simulated	solitary	and	
paired	intruders.	American	Journal	of	Primatology,	77,	1135–1142.	
Chou,	C.C.,	Backwell,	P.R.Y.	(2016).	Why	do	ovigerous	females	approach	courting	males?	
Female	preferences	and	sensory	biases	in	a	fiddler	crab.	Ecology	and	Evolution,	6,	5473–
5478.		
Cockburn,	A.	(2006).	Prevalence	of	different	modes	of	parental	care	in	birds.	Proceedings	of	the	
Royal	Society	B:	Biological	Sciences,	273,	1375–1383.		
	 76	
Dahlin,	C.R.,	and	Benedict,	L.	(2014).	Angry	birds	need	not	apply:	A	perspective	on	the	flexible	
form	and	multifunctionality	of	avian	vocal	duets.	Ethology,	120,	1–10.		
Dolby,	A.S.,	Clarkson,	C.E.,	Haas,	E.T.,	Miller,	J.K.,	Havens,	L.E.,	and	Cox,	B.K.	(2005).	Do	song-
phrase	production	rate	and	song	versatility	honestly	communicate	male	parental	quality	in	
the	Gray	Catbird.	Journal	of	Field	Ornithology,	76,	287–292.		
Douglas,	S.B.,	Heath,	D.D.,	and	Mennill,	D.J.	(2012).	Low	levels	of	extra-pair	paternity	in	a	
neotropical	duetting	songbird,	the	Rufous-and-white	Wren	(Thryothorus	rufalbus).	The	
Condor,	114,	393–400.		
Eggers,	S.,	Griesser,	M.,	and	Ekman,	J.	(2005).	Predator-induced	plasticity	in	nest	visitation	rates	
in	the	Siberian	Jay	(Perisoreus	infaustus).	Behavioural	Ecology,	16,	309–315.	
Eggert	A-K,	Reinking	M,	and	Muller	JK.	(1998).	Parental	care	improves	offspring	survival	and	
growth	in	burying	beetles.	Animal	Behaviour,	55,	97–107.		
Emerson,	S.B.,	and	Boyd,	S.K.	(1999).	Mating	vocalizations	of	female	frogs:	Control	and	
evolutionary	mechanisms.	Brain,	Behaviour	and	Evolution,	53,	187–197.		
Farabaugh,	S.M.	(1982)	The	ecological	and	social	significance	of	duetting.	In:	Kroodsma	D.E.,	
Miller	E.H.	(eds)	Acoustic	communication	in	birds	(vol	2),	Academic,	New	York,	pp	85–124.	
Fisher,	R.A.	1930.	The	genetic	theory	of	natural	selection.	Oxford	University	Press,	London.	
Forsman,	A.,	and	Hagman,	M.	(2006).	Calling	is	an	honest	indicator	of	paternal	genetic	quality	in	
poison	frogs.	Evolution,	60,	2148–2157.		
Geissman,	T.	(2012).	Duet	splitting	and	the	evolution	of	gibbon	songs.	Biological	Reviews,	77,	
57–76.	
Gill,	S.A.,	and	Stutchbury,	B.J.M.	(2005).	Nest	building	is	an	indicator	of	parental	quality	in	the	
monogamous	neotropical	Buff-breasted	Wren	(Thryothorus	Leucotis).	The	Auk,	122,	1169–
1181.		
Green,	D.J.,	and	Krebs,	E.A.	(1995).	Courtship	feeding	in	Ospreys	Pandion	haliaetus:	a	criterion	
for	mate	assessment?	Ibis,	137,	35–43.		
Greig-Smith,	P.W.	(1982).	Song-rates	and	parental	care	by	individual	male	stonechats	(saxicola	
torquata).	Animal	Behaviour,	30,	245–252.		
Gubernick,	D.J.,	and	Teferit,	T.	(2000).	Adaptive	significance	of	male	parental	care	in	a	
monogamous	mammal.	Proceedings:	Biological	Sciences,	267,	147–150.	
Hamilton,	W.D.	(1990).	Mate	choice	near	or	far.	American	Zoology,	30,	341–352.	
Hamilton,	W.D.,	and	Zuk,	M.	(1982).	Heritable	true	fitness	and	bright	birds:	a	role	for	parasites?	
Science,	218,	384–387.	
Hall,	M.L.	(2004).	A	review	of	hypotheses	for	the	functions	of	avian	duetting.	Behavioural	
Ecology	and	Sociobiology,	55,	415–430.		
Hall,	M.L.,	and	Magrath,	R.D.	(2007).	Temporal	coordination	signals	coalition	quality.	Current	
Biology,	17,	406–407.		
	 77	
Heywood,	J.	(1989).	Sexual	selection	by	the	handicap	mechanism.	Evolution,	43,	1387–1397.	
Hill,	G.E.	(1991).	Plumage	coloration	is	a	sexually	selected	indicator	of	male	quality.	Nature,	350,	
337–339.	
Hoelzer,	G.A.	(1989).	The	good	parent	process	of	sexual	selection.	Animal	Behaviour,	38,	1067–
1078.	
Hofstad,	E.	(2002).	The	relationship	between	song	performance	and	male	quality	in	snow	
buntings	(Pectrophenax	nivalis).	Canadian	Journal	of	Zoology,	80,	524–531.	
Knapp,	R.A.,	and	Kovach,	J.T.	(1991).	Courtship	as	an	honest	indicator	of	male	parental	quality	
in	the	bicolor	damselfish,	Stegastes	partitus.	Behavioural	Ecology,	2,	295–300.		
Lilly,	J.C.,	and	Miller,	A.M.	(1961).	Sounds	emitted	by	the	bottlenose	dolphin.	Science,	133,	
1689–93.	
Linville,	S.U.,	Breitwisch,	R.,	and	Schilling,	A.J.	(1998).	Plumage	brightness	as	an	indicator	of	
parental	care	in	Northern	Cardinals.	Animal	Behaviour,	55,	119–27.		
Logue,	D.M.	(2006).	The	duet	code	of	the	female	Black-Bellied	Wren.	The	Condor,	108,	326–335.		
Logue,	D.M.	(2007).	Duetting	in	space:	a	radio-telemetry	study	of	the	Black-bellied	Wren,	
Proceedings:	Biological	Sciences,	274,	3005–3010.		
Logue,	D.M.,	and	Hall,	M.L.	(2014).	Migration	and	the	evolution	of	duetting	in	songbirds.	
Proceedings	of	the	Royal	Society	B:	Biological	Sciences,	281,	20140103.		
Mann,	N.I.,	Dingess,	K.A.,	Barker,	K.F.,	Graves,	J.A.,	and	Slater,	P.J.B.	(2009).	A	comparative	
study	of	song	form	and	duetting	in	neotropical	Thryothorus	wrens.	Behaviour,	146,	1-43.	
Marshall-Ball,	L.,	Mann,	N.,	and	Slater,	P.J.B.	(2006).	Multiple	functions	to	duet	singing:	Hidden	
conflicts	and	apparent	cooperation.	Animal	Behaviour,	71,	823–831.		
Martin,	T.E.,	Scott,	J.,	Menge,	C.	(2000).	Nest	predation	increases	with	parental	activity:	
separating	nest	site	and	parental	activity	effects,	Proceedings	of	the	Royal	Society	of	
London	B:	Biological	Sciences,	267,	2287–2294.	
Martin,	T.E.,	Lloyd,	P.,	Bosque,	C.,	Barton,	D.C.,	Biancucci,	A.L.,	Cheng,	Y-R.,	and	Ton,	R.	(2011).	
Growth	rate	variation	among	passerine	species	in	tropical	and	temperate	sites:	an	
antagonistic	interaction	between	parental	food	provisioning	and	nest	predation	risk,	
Evolution,	65,	1607–1622.	
Massaro,	M.,	Starling-Windhof,	A.,	Briskie,	J.V.,	and	Martin,	T.E.	(2008).	Introduced	mammalian	
predators	induce	adaptive	shifts	in	parental	behaviour	in	an	endemic	New	Zealand	bird.	
PLoS	One,	3,	e2331.	
Mennill,	D.J.	(2006).	Aggressive	responses	of	male	and	female	Rufous-and-white	Wrens	to	
stereo	duet	playback,	Animal	Behaviour,	71,	219–226.		
Mennill,	D.J.	(2014).	Variation	in	the	vocal	behaviour	of	Common	Loons	(Gavia	immer):	Insights	
from	landscape-level	recordings.	Waterbirds,	37,	26-36.	
	 78	
Mennill,	D.J.,	and	Vehrencamp,	S.L.	(2005).	Sex	differences	in	singing	and	duetting	behaviour	of	
neotropical	Rufous-and-white	Wrens	(Thryothorus	rufalbus).	The	Auk,	122,	175–186.		
Mennill,	D.J.,	and	Vehrencamp,	S.L.	(2008).	Context-dependent	functions	of	avian	duets	
revealed	by	microphone-array	recordings	and	multispeaker	playback.	Current	Biology,	18,	
1314–1319.		
Møller,	A.P.	(2000).	Male	parental	care,	female	reproductive	success,	and	extra-pair	paternity.	
Behavioural	Ecology,	11,	161–168.		
Odom,	K.J.,	Hall,	M.L.,	Riebel,	K.,	Omland,	K.E.,	and	Langmore,	N.E.	(2014).	Female	song	is	
widespread	and	ancestral	in	songbirds.	Nature	Communications,	5,	3379.		
Osmun,	A.	(2011).	Duet	codes	and	answering	rules	in	the	Rufous-and-white	Wrens.	M.Sc.	
Thesis,	University	of	Windsor.	
Pizzolon,	M.,	Locatello,	L.,	Warner,	R.R.,	Chimento,	N.,	Finos,	L.,	Rasotto,	M.B.	(2012).	Linking	
male	qualities	to	multiple	display	traits:	An	example	in	a	fish	with	exclusive	male	care.	
Behavioural	Ecology	and	Sociobiology,	66,	497–504.		
Rivera-Cáceres,	K.,	Araya-Salas,	M.,	Quiro,	E.,	and	Searcy,	W.	A.	(2016).	Neotropical	wrens	learn	
new	duet	rules	as	adults.	Proceedings	of	the	Royal	Society	B:	Biological	Sciences,	283,	
20161819.	
Rogers,	A.C.,	Langmore,	N.E.,	Mulder,	R.A.	(2007).	Function	of	pair	duets	in	the	eastern	
whipbird:	Cooperative	defense	or	sexual	conflict?	Behavioural	Ecology,	18,	182–188.		
Russell,	E.M.,	Yom-Tov,	Y.,	Geffen,	E.	(2004).	Extended	parental	care	and	delayed	dispersal:	
Northern,	tropical,	and	southern	passerines	compared.	Behavioural	Ecology,	15,	831–838.		
Silva,	N,	Avilés,	J.M.,	Danchin,	E.,	and	Parejo,	D.	(2008).	Informative	content	of	multiple	
plumage-coloured	traits	in	female	and	male	European	Rollers.	Behavioural	Ecology	and	
Sociobiology,	62,	1969–1979.		
Smith,	C.,	Phillips,	A.,	Polačik,	M.,	and	Reichard,	M.	(2014).	Male	coloration	signals	direct	
benefits	in	the	European	bitterling	(Rhodeus	amarus).	Environmental	Biology	of	Fishes,	97,	
335–341.		
Suzaki,	Y.,	Katsuki,	M.,	Miyatake,	T.,	and	Okada,	Y.	(2013).	Male	courtship	behaviour	and	
weapon	trait	as	indicators	of	indirect	benefit	in	the	bean	bug,	Riptortus	pedestris.	PLoS	
One,	8,	35–40.		
Stutchbury,	B.J.M.,	and	Morton,	E.S.	(2001).	Behavioral	ecology	of	tropical	birds.	Academic	
Press,	San	Diego,	California.	
Tarwater,	C.E.,	and	Brawn,	J.D.	(2010).	The	post-fledging	period	in	a	tropical	bird:	Patterns	of	
parental	care	and	survival.	Journal	of	Avian	Biology,	41,	479–487.		
Templeton,	C.N.,	Ríos-Chelén,	A.,	Quirós-Guerrero,	E.,	Mann,	N.I.,	and	Slater,	P.J.B.	(2013).	
Female	happy	wrens	select	songs	to	cooperate	with	their	mates	rather	than	confront	
intruders.	Biology	Letters,	9,	20120863.		
	 79	
Tibbetts,	E.A.,	Forrest,	T.,	Vernier,	C.,	Jinn,	J.,	and	Madagame,	A.	(2015).	Socially	selected	
ornaments	and	fitness:	Signals	of	fighting	ability	in	paper	wasps	are	positively	associated	
with	survival,	reproductive	success,	and	rank.	Evolution,	69,	2917–2926.		
Tobias,	J.A,	and	Seddon,	N.	(2009).	Signal	jamming	mediates	sexual	conflict	in	a	duetting	bird.	
Current	Biology,	19,	577–582.		
Tobias,	J.A.,	Sheard,	C.,	Seddon,	N.,	Meade,	A.,	Cotton,	A.J.,	and	Nakagawa,	S.	(2016).	
Territoriality,	social	bonds,	and	the	evolution	of	communal	signaling	in	birds.	Frontiers	in	
Ecology	and	Evolution,	4,	74.	
Topp,	S.M.,	and	Mennill,	D.J.	(2008).	Seasonal	variation	in	the	duetting	behaviour	of	rufous-and-
white	wrens	(Thryothorus	rufalbus).	Behavioural	Ecology	and	Sociobiology,	62,	1107–1117.	
Vannoni,	E.,	and	McElligott,	A.G.	(2008).	Low	frequency	groans	indicate	larger	and	more	
dominant	fallow	deer	(Dama	dama)	males.	PLoS	One,	3,	e3113.	
Voltura,	K.M.,	Schwagmeyer,	P.L.,	and	Mock,	D.W.	(2002).	Parental	feeding	rates	in	the	House	
Sparrow,	Passer	domesticus:	Are	larger-badged	males	better	fathers?	Ethology,	108,	1011–
1022.		
Wachtmeister,	C-A.	(2001).	Display	in	monogamous	pairs:	a	review	of	empirical	data	and	
evolutionary	explanations.	Animal	Behaviour,	61,	861–868.		
Welling,	P.,	Rytkonen,	S.,	Koivula,	K.,	and	Orell,	M.	(1997).	Song	rate	correlates	with	paternal	
care	and	survival	in	willow	tits:	advertisement	of	male	quality.	Behaviour,	134,	891–904.	
Wickler,	W.	(1980).	Vocal	duetting	and	the	pair	bond	I.	Coyness	and	partner	commitment.	A	
hypothesis.	Zeitschrift	für	Tierpsychologie,	52,	201–209.	
	 	
	 80	
Tables	
	
Table	3.1:	There	were	no	significant	relationships	between	individual	or	partner	singing	
behaviour	during	the	pre-breeding	season	and	subsequent	parental	investment	during	the	
breeding	season	for	male	Rufous-and-white	Wrens.	
		 	
Male	Parental	Investment	Models	(GLMM)	
	 Estimate	±	SE	 z	value	 p	value	
Nest-building	Trip	Rate	 	 	 	
Duet	Rate	 0.04	±	0.21	 0.16	 0.87	
Partner	Duet	Rate	 0.04	±	0.08	 0.44	 0.66	
Independent	Song	Rate	 -0.004	±	0.004	 0.99	 0.32	
Partner	Independent	Song	Rate	 0.03	±	0.04	 0.82	 0.41	
Nest-building	Effort	 	 	 	
Duet	Rate	 -0.21	±	0.26	 -0.82	 0.42	
Partner	Duet	Rate	 0.05	±	0.10	 0.48	 0.63	
Independent	Song	Rate	 -0.01	±	0.01	 -0.87	 0.38	
Partner	Independent	Song	Rate	 0.02	±	0.05	 0.38	 0.70	
Nestling-provisioning	Trip	Rate	 	 	 	
Duet	Rate	 0.18	±	0.18	 0.99	 0.32	
Partner	Duet	Rate	 -0.12	±	0.09	 -1.39	 0.16	
Independent	Song	Rate	 -0.01	±	0.01	 -0.88	 0.38	
Partner	Independent	Song	Rate	 0.06	±	0.05	 -1.30	 0.20	
Nestling-provisioning	Effort	 	 	 	
Duet	Rate	 0.27	±	0.22	 1.26	 0.21	
Partner	Duet	Rate	 -0.12	±	0.10	 -1.24	 0.21	
Independent	Song	Rate	 0.01	±	0.01	 -1.85	 0.06	
Partner	Independent	Song	Rate	 -0.08	±	0.05	 1.46	 0.14	
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Table	3.2:	There	were	no	significant	relationships	between	individual	or	partner	singing	
behaviour	during	the	pre-breeding	season	and	subsequent	parental	investment	during	the	
breeding	season	for	female	Rufous-and-white	Wrens.	
	
	 	
Female	Parental	Investment	Models	(GLMM)	
	 Estimate	±	SE	 z	value	 p	value	
Nest-building	Trip	Rate	 	 	 	
Duet	Rate	 0.04	±	0.08	 0.49	 0.49	
Partner	Duet	Rate	 0.21	±	0.16	 1.34	 0.18	
Independent	Song	Rate	 0.02	±	0.03	 0.59	 0.56	
Partner	Independent	Song	Rate	 0.001	±	0.004	 0.41	 0.69	
Nest-building	Effort	 	 	 	
Duet	Rate	 -0.06	±	0.12	 -0.48	 0.63	
Partner	Duet	Rate	 0.36	±	0.33	 1.10	 0.27	
Independent	Song	Rate	 -0.03	±	0.05	 -0.66	 0.51	
Partner	Independent	Song	Rate	 0.003	±	0.01	 0.59	 0.56	
Nestling-provisioning	Trip	Rate	 	 	 	
Duet	Rate	 -0.03	±	0.03	 -0.89	 0.37	
Partner	Duet	Rate	 0.02	±	0.08	 -0.30	 0.77	
Independent	Song	Rate	 0.01	±	0.02	 0.71	 0.48	
Partner	Independent	Song	Rate	 0.003	±	0.003	 1.13	 0.26	
Nestling-provisioning	Effort	 	 	 	
Duet	Rate	 0.08	±	0.10	 0.78	 0.44	
Partner	Duet	Rate	 -0.06	±	0.19	 -0.31	 0.76	
Independent	Song	Rate	 0.03	±	0.04	 0.74	 0.46	
Partner	Independent	Song	Rate	 0.01	±	0.01	 1.39	 0.17	
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Figures	
	
	
Figure	3.1:	Female	(black	bars)	and	male	(white	bars)	Rufous-and-white	Wrens	contributed	
similar	parental	effort	during	Nest-building	(i.e.	made	a	similar	proportion	of	total	trips	to	the	
nest	with	building	material;	n	=	38	pairs),	but	females	contributed	significantly	more	effort	than	
males	during	the	nestling-provisioning	stage	(i.e.	made	a	greater	proportion	of	total	trips	to	the	
nest	with	food;	n	=	35	pairs).	Values	for	the	nestling-provisioning	stage	are	pooled	from	all	
three	provisioning	periods	for	each	pair.	Bars	on	the	graph	represent	means	with	standard	
errors.	
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Figure	3.2:	Female	Rufous-and-white	Wrens	(black	bars)	provisioned	nestlings	at	significantly	
higher	rates	than	males	(white	bars)	during	the	early	(nestling	age:	1-4	days;	n	=	17),	middle	
(nestling	age:	5-9	days;	n	=	22),	and	late	(nestling	age:	9+	days;	n	=	13)	provisioning	periods.	
Bars	on	the	graph	represent	means	with	standard	errors.	
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Figure	3.3:	There	was	a	significant	positive	correlation	between	the	nest-building	trip	rates	of	
male	and	female	Rufous-and-white	Wrens	during	the	nest-building	stage	(n	=	38).	
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Figure	3.4:	There	was	a	non-significant	positive	correlation	between	the	nestling-provisioning	
trip	rates	of	male	and	female	Rufous-and-white	Wrens	during	the	nestling-provisioning	stage.	
Points	represent	nestling-provisioning	trip	rates	for	each	pair	that	have	been	pooled	from	all	
provisioning	periods	(n	=	35).	
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Chapter	4:	General	Discussion
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	 In	this	thesis,	I	explored	the	evolution	and	ecology	of	vocal	duetting	behaviour	in	
Rufous-and-white	Wrens	(Thryophilus	rufalbus).	In	chapter	2,	I	investigated	the	hypothesis	that	
duets	are	used	by	males	to	acoustically	protect	their	paternity	(i.e.	the	Paternity	Guarding	
Hypothesis)	using	a	novel	experimental	approach.	I	first	played	songs	of	a	neighbouring	male	
from	the	territory	edge	to	simulate	a	rival	seeking	extra-pair	copulations,	and	then	played	songs	
of	the	subject’s	breeding	partner	from	the	territory	centre,	giving	the	subject	male	an	
opportunity	to	create	duets	with	his	female.	I	conducted	this	experiment	to	males	during	both	
the	female	fertile	period	and	the	non-fertile	incubation	period.	In	support	of	the	Paternity	
Guarding	Hypothesis,	male	Rufous-and-white	Wrens	answered	a	higher	proportion	of	female	
songs	during	the	fertile	period	compared	to	the	non-fertile	period,	suggesting	that	duets	
function	as	acoustic	paternity	guards.	However,	male	independent	song	rates	did	not	vary	
between	fertility	periods,	indicating	that	the	change	in	duet	responsiveness	arose	due	to	a	
change	in	song	use	rather	than	an	increase	in	overall	song	rate.	Additionally,	males	displayed	a	
significantly	higher	physical	response	intensity	(i.e.	they	approached	the	female	speaker	
quicker,	closer,	and	for	longer)	during	the	fertile	period,	suggesting	that	physical	behaviours	
were	also	important	for	paternity	guarding.	The	results	from	this	chapter	suggest	that	there	is	
intra-sexual	conflict	in	Rufous-and-white	Wrens	during	the	breeding	season,	and	that	males	use	
duets	as	well	as	physical	behaviours	to	guard	their	females	and	protect	their	paternity	during	
the	fertile	period.	
	 In	chapter	3,	I	explored	the	hypothesis	that	duets	function	as	signals	of	partnership	
commitment	(i.e.	the	Signalling	Commitment	Hypothesis)	by	investigating	the	relationship	
between	pre-breeding	duetting	behaviour	and	future	parental	investment	during	the	breeding	
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season.	I	analyzed	singing	and	parental	behaviour	from	38	pairs	of	Rufous-and-white	Wrens	
between	2009	and	2016,	and	then	assessed	how	individual	and	partner	singing	behaviour	was	
related	to	parental	investment	during	nest-building	and	nestling-provisioning.	In	contrast	to	
predictions	of	the	Signalling	Commitment	Hypothesis,	I	found	no	relationships	between	
individual	or	partner	duetting	behaviour	and	parental	investment	during	either	breeding	stage.	
These	results	suggest	that	duet	responsiveness	does	not	signal	future	parental	investment	in	
Rufous-and-white	Wrens,	and	therefore	may	not	be	a	signal	of	partnership	strength.	However,	I	
did	find	that	nest-building	and	nestling-provisioning	trip	rates	were	positively	correlated	
between	breeding	partners,	suggesting	that	birds	adjusted	their	own	level	of	parental	
investment	in	response	to	the	parental	activities	of	their	partner.	The	results	from	this	chapter	
suggest	that	duets	are	not	used	by	Rufous-and-white	Wrens	to	assess	the	parental	quality	of	
their	partners,	and	so	do	not	function	as	a	pair	strengthening	mechanism	in	this	way.	
	 The	results	from	these	two	chapters	further	support	the	idea	that	the	duets	of	Rufous-
and-white	Wrens	are	multi-functional	signals	(Mennill	2006;	Mennill	and	Vehrencamp	2008;	
Topp	and	Mennill	2008),	and	that	their	functions	can	vary	with	ecological	context.	In	chapter	2,	
I	showed	that	duets	play	an	additional	role	in	acoustic	mate	guarding	during	the	fertile	period.	
This	result	provides	clear	evidence	that	Rufous-and-white	Wrens	duets	are	important	for	males	
in	conflict-based	contexts	between	breeding	partners	during	the	fertile	period,	in	addition	to	
being	important	in	other	cooperative	contexts	(i.e.	territory	defense	and	maintaining	contact	
with	breeding	partners;	Mennill	and	Vehrencamp	2008).	Conversely,	in	chapter	3,	I	
demonstrated	that	duets	are	not	used	by	individuals	to	signal	future	parental	investment,	and	
therefore	that	duet	responsiveness	does	not	reflect	the	strength	of	a	partnership	in	this	way.	
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This	result	provides	a	compelling	test	of	a	poorly-studied	hypothesis	for	duet	function,	and	
suggests	that	there	is	weak	selection	for	duets	to	function	as	post-pairing	signals	of	parental	
quality	during	the	pre-breeding	season.	Together,	these	two	chapters	provide	new	insight	into	
the	functions	of	vocal	duets	across	animals	by	demonstrating	a	clear	function,	and	non-
function,	of	this	behaviour	in	Rufous-and-white	Wrens	across	widely	different	ecological	
contexts.	
	 An	interesting	avenue	for	future	research	in	relation	to	chapter	2	would	be	to	directly	
determine	the	relationship	between	duetting	behaviour	and	extra-pair	offspring.	I	was	unable	
assess	this	relationship	due	to	a	reduced	population	size	during	my	field	research,	but	this	
analysis	is	also	complicated	by	high	predation	rates	that	are	commonplace	in	the	tropics,	and	
the	low	rates	of	extra-pair	offspring	in	Rufous-and-white	Wrens	(3%	of	offspring	in	6%	of	
broods;	Douglas	et	al.	2012).	However,	a	comparison	of	duet	rates	and	parentage	will	provide	a	
direct	test	of	the	Paternity	Guarding	Hypothesis,	as	it	directly	relates	duetting	behaviour	with	
an	important	component	of	fitness	(i.e.	paternity	lost	to	other	males).	For	example,	in	Red-
backed	Fairy-wrens,	males	that	created	more	duets	with	their	females	during	playback	suffered	
fewer	extra-pair	offspring	in	their	nests,	suggesting	that	duets	act	as	acoustic	paternity	guards	
and	can	effectively	reduce	extra-pair	mating	opportunities	(Baldassare	et	al.	2016).	Future	
studies	in	Rufous-and-white	Wrens	should	assess	similar	relationships	over	longer	time	frames,	
which	would	help	to	determine	if	the	low	rates	of	extra-pair	paternity	exhibited	in	this	species	
can	truly	be	attributed	to	acoustic	or	physical	paternity	guarding.	Furthermore,	many	more	
studies	are	needed	to	determine	the	genetic	mating	systems	of	other	duetting	species	in	order	
to	determine	the	role	of	duetting	in	acoustic	paternity	guarding	and	the	broad	ecological	
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selection	pressures	acting	on	extra-pair	mating	behaviour	in	duetting	species	specifically,	and	
tropical	species	more	broadly	(Macedo	et	al.	2008).	
	 An	interesting	avenue	for	future	research	in	relation	to	chapter	3	would	be	to	assess	the	
importance	of	alternative	aspects	of	duetting	behaviour	in	the	context	of	signalling	partnership	
commitment.	In	chapter	3,	I	showed	that	duet	responsiveness	–	the	propensity	for	an	individual	
bird	to	answer	its	partner’s	song	to	form	a	duet	–	was	not	related	to	future	parental	
investment.	However,	other	aspects	of	duetting	behaviour,	such	as	duet	precision	(Hall	and	
Magrath	2007;	Rivera-Cáceras	et	al.	2016)	or	adherence	to	a	duet	code	(Logue	2006;	Templeton	
et	al.	2013;	Rivera-Cáceras	et	al.	2016),	could	provide	a	better	indication	of	partnership	
commitment	and	coalition	strength.	For	example,	performing	precisely	coordinated	duets	with	
a	partner	signals	coalition	strength	in	Magpie-Larks,	as	more	experienced	pairs	produce	more	
coordinated	duets	in	response	to	simulated	intruders	compared	to	new	pairs	(Hall	and	Magrath	
2007).	Similarly,	the	ability	of	Canebrake	Wrens	to	produce	precisely	coordinated	duets	and	
adhere	to	a	duet	code	increases	over	time,	suggesting	that	these	aspects	of	duetting	behaviour	
honestly	signal	partnership	length	and	commitment	(Rivera-Cáceras	et	al.	2016).	Future	studies	
should	address	similar	questions	in	Rufous-and-white	Wrens	by	investigating	whether	this	
species	requires	a	learning	period	to	perform	coordinated	duets,	and	whether	duet	
coordination	or	appropriately	answering	a	partner’s	song	(i.e.	adhering	to	a	duet	code)	can	be	
related	to	aspects	of	partnership	commitment,	such	as	parental	investment	(e.g.	preliminary	
work	from	our	lab	suggests	that	Rufous-and-white	Wrens	may	have	a	set	of	answering	rules	for	
creating	duets;	Osmun	2011).	Furthermore,	many	more	studies	are	needed	to	describe	patterns	
of	parental	investment	in	duetting	species,	and	if	there	are	species	in	which	duetting	behaviour	
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signals	investment	in	parental	activities	during	nest-building	and	nestling-provisioning,	as	well	
as	during	post-fledgling	care.	
	 When	considering	the	functions	of	vocal	duetting	behaviour,	it	is	important	to	recognize	
that	males	and	females	may	have	different	motivations	for	answering	their	partner’s	songs	to	
create	duets,	and	that	these	motivations	may	change	across	different	ecological	and	social	
contexts	(Logue	and	Krupp	2016;	Odom	et	al.	2017).	For	example,	one	of	the	primary	functions	
of	duets	in	both	male	and	female	Rufous-and-white	Wrens	appears	to	be	to	defend	ecological	
resources	while	defending	year-round	territories,	because	both	males	and	females	actively	
participate	in	duet	creation	in	response	to	all	types	of	territorial	intrusions	(Mennill	2006;	
Mennill	and	Vehrencamp	2008).	This	makes	Rufous-and-white	Wrens	similar	to	many	other	
duetting	species	in	which	territory	defence	has	been	shown	to	be	the	main	function	of	vocal	
duets,	and	supports	recent	work	suggesting	that	year-round	territoriality	is	an	important	driver	
for	the	evolution	of	duetting	behaviour	in	birds	(reviewed	in	Dahlin	and	Benedict	2014;	Tobias	
et	al.	2016).	In	addition,	both	males	and	females	move	closer	to	each	other	after	duetting,	
indicating	that	maintaining	acoustic	contact	is	another	important	function	of	duetting	(Mennill	
and	Vehrencamp	2008).	In	both	cases,	males	and	females	appear	to	be	equally	motivated	to	
answer	their	partner’s	songs,	since	they	both	can	gain	from	ensuring	access	to	ecological	
resources	and	knowing	the	location	of	their	partner.	In	contrast,	the	results	of	this	thesis	
indicate	that	duets	are	not	always	cooperative	signals	in	this	species,	and	that	duetting	may	be	
co-opted	to	perform	different	functions	in	different	contexts.	For	example,	it	is	clear	from	
chapter	2	that	males	have	increased	motivation	to	create	duets	with	their	females	during	the	
fertile	period.	In	doing	so,	they	may	prevent	their	breeding	partners	from	engaging	in	extra-pair	
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mating	opportunities,	ward	off	rival	males	seeking	extra-pair	copulations,	dissuade	their	
breeding	partners	from	divorcing	them,	or	stimulate	reproductive	physiology.	Conversely,	I	
demonstrated	in	chapter	3	that	there	is	not	selection	on	males	and	females	to	signal	their	
parental	investment	through	their	duetting	behaviour.	Therefore,	whether	or	not	there	are	
differences	for	males	and	females	to	use	duets	to	signal	partnership	commitment	or	strengthen	
long-term	pair	bonds	is	still	unclear	in	this	species.	It	is	important	for	future	duetting	
researchers	to	recognize	that	duets	often	serve	both	cooperative	and	conflict-based	functions,	
and	to	study	this	behaviour	from	the	individual	perspective	of	males	and	females	separately	
(Dahlin	and	Benedict	2014;	Logue	and	Krupp	2016).	
	 In	summary,	my	research	provides	new	insight	into	the	ecology	and	evolution	of	vocal	
duetting	behaviour	in	tropical	animals	by	testing	two	poorly-studied	hypotheses	for	duet	
function	in	novel	ways.	I	first	demonstrated	that	male	Rufous-and-white	Wrens	use	duets	to	
acoustically	guard	their	females	during	the	fertile	period,	and	then	that	duets	are	not	used	by	
individuals	to	assess	the	parental	investment	of	their	mates	and	thereby	signal	commitment	to	
a	monogamous	partnership.	Vocal	duetting	is	a	remarkable	behaviour	which	is	associated	with	
animals	living	at	tropical	latitudes.	In	these	species,	there	are	pronounced	differences	in	
ecology	and	natural	history	in	comparison	to	temperate	zone	animals,	including	prolonged	
breeding	seasons,	long-term	monogamous	partnerships,	year-round	territoriality,	convergent	
sex	roles,	and	densely	forested	habitats	(Stutchbury	and	Morton	2001;	Stutchbury	and	Morton	
2008).	These	ecological	differences	almost	certainly	contribute	to	the	differences	in	acoustic	
signalling	strategies	between	tropical	and	temperate	animals,	and	are	crucial	to	understanding	
the	function	of	vocal	duetting	behaviour,	because	they	provide	the	basis	for	differing	selection	
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pressures	acting	on	both	males	and	females	to	produce	these	coordinated	signals.	The	results	
of	my	thesis	suggest	that	there	is	variation	in	the	functions	and	importance	of	vocal	duets	
across	different	ecological	contexts.	My	thesis	also	highlights	the	importance	of	studying	
acoustic	communication	in	tropical	animals	in	which	both	males	and	females	produce	
vocalizations,	an	area	that	has	received	considerably	less	empirical	attention	than	in	temperate	
species	where	acoustic	signalling	is	heavily	male-biased.	 	
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